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Zusammenfassung

Kapitel 2 dieser Arbeit beschreibt eine Untersuchung der Bewegung
einzelner über die Endgruppen an eine Substratober�äche gebundener λ-
DNA Moleküle in einer Pu�erlösung, sowohl allein aufgrund Brownscher
Fluktuationen als auch getrieben durch eine oszillatorische Scherströ-
mungsanregung, mit Hilfe zeitaufgelöster Fluoreszenzmikroskopie. Im
Fall der rein thermischen Bewegung werden die mittleren quadratischen
Fluktuationen der Schwerpunktskoordinaten der Moleküle, der Gyrati-
onsradius und die gröÿte Relaxationszeit der Moleküle bestimmt. Die
Übereinstimmung des gemessenen Gyrationsradius Rg = (0.85±0.05) µm
mit der Vorhersage des Zimmschen Modells für ein freies Polymer in einem
guten Lösungsmittel deutet stark auf den Ein�uss hydrodynamischer
Wechselwirkungen zwischen den Monomeren hin. Der gemessene Wert
weicht nur wenig ab vom bekannten Wert für Rg von freier λ-DNA in
Lösung. Aus den Autokorrelationsfunktionen der Bewegung einzelner
DNA-Moleküle wird die gröÿte Relaxationszeit der an die Ober�äche
gebundenen Moleküle zu τ = (0.79±0.03) s bestimmt. In einem schmalen
Frequenzbereich 1Hz< ν < 6Hz wird näherungsweise ein empirisches
Potenzgesetz für die Frequenzabhängigkeit der Fluktuationen der Schwer-
punktsbewegung gefunden mit einem Exponenten von -1.4. Eine Theorie,
die dies beschreibt, ist derzeit nicht bekannt.
Für die gleichen DNA-Moleküle wird eine Relaxationszeit der Bewegung
senkrecht zur oszillatorischen Scherströmungsanregung, gemittelt über
alle experimentell zugänglichen Werte der Scherrate und Scherfrequenz,
bestimmt, die nahe beim entsprechenden Wert in Abwesenheit der Scher-
anregung liegt. Für die Bewegung parallel zum oszillatorischen Scher�uss
extrapolieren die Relaxationszeiten für verschwindende Scherrate wie
erwartet auf einen Wert nahe dem obengenannten Wert in Abwesenheit
der Scheranregung und nehmen ab mit zunehmender Scherrate.
Durch Vergleich der Amplitude der oszillatorischen Schwerpunktsbewe-
gung in der Richtung der Scherströmung mit den Vorhersagen eines einfa-
chen Punktmasse-Feder Modells werden Werte für den Bindungsabstand
zur Ober�äche, zc, entprechend dem Pilzmodell für ober�ächengebundene



Polymer-Moleküle, gewonnen, die sich im Bereich niedriger (ωτ < 1) und
hoher (ωτ < 1) Frequenzen um einen Faktor ≈ 2 unterscheiden. Diese
Diskrepanz wird auf zu groÿe Vereinfachungen des Modells zurückgeführt.
Es wird weiter darauf hingewiesen, dass im Fall der oszillatorischen
Scheranregung, im Gegensatz zur stationären Scherströmung, schon im
einfachen Modell die Amplitude der Schwerpunktsbewegung in Scherrich-
tung nicht nur von der Weissenberg-Zahl, sondern auch explizit von der
dimensionslosen Frequenz ωτ abhängt, die sich bis auf eine Konstante
mit der Deborah-Zahl identi�zieren lässt. Letztere ist aus der Rheologie
nicht-Newtonscher Flüssigkeiten gut bekannt.
Die beobachteten Amplituden von substratgebundenen DNA-Molekülen
in oszillatorischer Scherströmung, normiert auf die Scheramplitude und
den nichtkonstanten Bindungsabstand zur Substratober�äche zc, sollte
gemäÿ dem Punktmasse-Feder Modell nur von der dimensionslosen
Frequenz abhängen. Die beobachteten und normierten Amplituden folgen
den Vorhersagen des Modells bei niedrigen Frequenzen, übersteigen jene
aber um mehr als einen Faktor zwei im Frequenzbereich ωτ ≈ 2. Im
Frequenzbereich ωτ > 10 dagegen sind die gefundenen Amplituden der
Schwerpunktsbewegung kleiner als vorhergesagt. Da die beobachteten
Elongationen dem entropischen Elastizitätsbereich kleiner Kräfte bei
Einzelmolekül-Dehnungsexperimenten entsprechen, werden die beob-
achtete Amplitudenüberhöhung bei ωτ ≈ 2 und auch die reduzierte
Amplitude bei ωτ > 10 versuchsweise auf hydrodynamische Monomer-
Wechselwirkungen zurückgeführt, die intrinsisch nichtlinear sind, auch im
Bereich niedriger Scherraten.
Die Konstruktion eines mikro�uidischen Aufbaus mit inselstrukturierten
Gold�lmen auf einer der Scherströmung im Mikrokanal ausgesetzten
Substratober�äche und erste �uoreszenzmikroskopische Experimente
an einzelnen an diese Goldinseln gebundenen DNA-Molekülen werden
in Kapitel 3 beschrieben. Damit werden Experimente an Paaren von
DNA-Molekülen ermöglicht, ähnlich den in Kapitel 2 beschriebenen
Einzelmolkülexperimenten, mit denen die hydrodynamischen Wechsel-
wirkungen zwischen einzelnen substratgebundenen DNA-Molekülen in
wohlde�niertem Abstand zueinander untersucht werden sollen, sowohl
aufgrund rein thermischer Fluktuationen, wie auch unter stationärer



Scherströmung. Die Arbeitsschritte zur Herstellung der mikro�uidischen
Komponenten, einschliesslich des Mikrokanals aus Polydimethylsiloxan
(PDMS) und der Goldinseln mit Hilfe von Elektronenstrahl-Lithogra�e
sowie das Anbinden der DNA-Moleküle an die Goldinseln, sind sehr kom-
plex. Erhebliche technische Schwierigkeiten mussten überwunden werden.
um eine Einfach-Besetzung benachbarter Goldinseln mit DNA-Molekülen
zu erreichen.
Kapitel 4 der vorliegenden Arbeit beschreibt einen Versuch, die Natur des
überdehnten Zustands von DNA-Molekülen in hoch orientierten B-DNA-
Filmen mit Hilfe von Röntgenbeugung zu untersuchen. Es wird gezeigt,
daÿ im Gegensatz zu Einzelmolekül-Dehnungsexperimenten die Mehrheit
der DNA-Moleküle in den Filmen bis zum Zerreiÿen der Filme in der
B-Kon�guration verbleibt. Gleichzeitig wird eine meridionale Re�exion
bei qz ≈ 0.8 Å−1 beobachtet, entsprechend einer Periodizität a = 7.8 Å,
die erklärt werden kann durch das Vorliegen eines Teils der Moleküle in
einem maximal gestreckten Zustand, wie er von früheren Simulationen
vorhergesagt wurde. Dieses Beugungsmaximum gewinnt an Intensität
mit zunehmender Dehnung, wird aber auch schon vor der Dehnung
beobachtet. Dies kann wiederum erklärt werden durch die Annahme, daÿ
bereits bei der Herstellung der Filme durch ein Nassspinnverfahren ein
Teil der Moleküle überstreckt wird. Da die Festigkeit derartig maximal
gestreckter DNA-Moleküle bestimmt wird durch diejenige des Zucker-
Phosphat Rückgrats der Moleküle, welche erheblich gröÿer ist als die von
B-DNA, ist es wahrscheinlich, daÿ maximal gestreckte DNA-Moleküle
den gröÿten Teil der mechanischen Spannung im Film übernehmen und
daÿ das Zerreiÿen dieser Moleküle das Zerreiÿen des Films markiert. Ein
Schmelzen der Doppelhelix, also eine Auftrennung der beiden Stränge in
zwei einzelne Stränge durch Spaltung der Basenpaare, ist gegenwärtig
ein in der Literatur weithin bevorzugtes Modell für das Verhalten von
doppelsträngiger DNA unter groÿen, an den Molekülenden angreifenden
longitudinalen Kräften. Dies sollte sich äussern in einem Verschwinden
der für die B-Form typischen Röntgenre�exe und, möglicherweise, in
einem Plateau in der Kraft-Dehnungs-Kurve der Filme, ähnlich dem
aus Einzelmolekül-Dehnungsexperimenten mit Hilfe von Kraftmikro-



skopen oder optischen Pinzetten bekannten Plateau. Beides wird bei
den hier untersuchten orientierten DNA-Filmen nicht beobachtet. Die
Dehnung der DNA-Moleküle in den untersuchten Filmen ist daher
stark inhomogen und fundamental verschieden vom Fall der genannten
Einzelmolekül-Dehnungsexperimente.
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Chapter 1

Motivation

The ability to carry genetic information, its peculiar molecular structure
[1], and, more recently, the possibility to employ it for the creation of
unique nano-structured inorganic materials [2, 3], have made the deoxyri-
bonucleic acid (DNA) molecule one of the most studied objects in science.
DNA, apart from its importance in biology, has been also frequently stud-
ied in polymer physics as a model polymer. This is due to the linear,
unbranched structure of DNA, the relative homogeneity of the polymer
along the chain, being composed of similar base pairs, the possibility to
study DNA polymers of well-de�ned lengths, and also to the possibility to
produce an unlimited number of identical copies of a given DNA polymer
using existing biochemical techniques [4]. One of the simplest models of a
polymer is the random walk model [5], where the monomers are assumed
to occupy a �nite number of possible positions statistically and the angle
between monomers is unrestricted. Real polymers will always exhibit some
degree of bending sti�ness. The latter may be taken into account using
the worm-like chain model [6], in its discrete or continuous versions. This
model considers an inextensible polymer consisting of equal monomers and
introduces a persistence length, lp. Under an applied force F the polymer
is predicted to extend up to the full contour length L0. In the large force
limit the chain extension is predicted to follow a dependence [7]

1− L

L0
∝ 1√

F
(1.1)

The DNA molecule is usually considered to be a good realization for this
worm-like chain model, because the bending sti�ness of DNA is expected
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1 Motivation 4

to be almost constant. It might be remarked here, however, that lo-
cal base-pair dependent variations of the bending sti�ness may actually
have important biological functions and cannot always be neglected (for
a review of this topic compare [8]). Two important re�nements of the
worm-like chain model consist in introducing hydrodynamic interactions
between monomers, induced by the �uid �ow associated with monomer
movements, and taking excluded volume interactions into account, that
means the fact that two di�erent monomers cannot occupy the same po-
sition at the same time. The dynamical behavior of the DNA molecule
is considered in the Rouse [9] and Zimm [10] models, which Fourier de-
compose the motions of the monomers into eigenmodes and introduce
relaxation times of these modes, in the case of the Zimm model including
hydrodynamic interactions.
Elastic properties of DNA, which had been a matter of interest already
at the time of the �rst x-ray di�raction experiments [11], may be studied
experimentally by subjecting the molecule to various kinds of hydrody-
namic �ows, such as free shear or elongational �ows [12] or tethered shear
[13] �ow, or to end-to-end stretching either in a force microscope [14]or
in an optical tweezer [14] set-up using beads connected to the ends of
the molecule. Intercalation of �uorescent dyes into DNA [15] has opened
up the possibility to observe single DNA molecules using �uorescence mi-
croscopy. In the case of steady shear �ow the Weissenberg number, that
means the product of the shear rate and the longest relaxation time of the
molecule, is the relevant dimensionless parameter quantifying the driving
force exerted by the �ow. In the case of free DNA molecules moving in a
shear �ow end-over-end tumbling has been shown to limit the maximum
strain experienced by the molecule [16]. Such studies are of general inter-
est, because polymer solutions, as well as polymer melts typically exhibit
non-Newtonian rheological behavior di�erent from that of ordinary liquids
like water. For example, the viscosity of such �uids may depend on the
shear rate, and this leads to a number of so-called Weissenberg e�ects,
which are technologically relevant, for example, in many industrial pro-
cesses, such as the extrusion of polymers.
In the present thesis, however, single DNA molecules in shear �ow are
studied, instead of macroscopically averaged rheological properties. More-
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over, DNA molecules tethered to a substrate are considered, instead of
free molecules. On the one hand, this permits much longer observation
times. On the other hand, the subject is in itself highly relevant, for ex-
ample in view of polymeric brushes, that means dense arrays of tethered
polymeric molecules [17, 18]. In dense brushes the individual molecules
stretch away from the surface, sometimes much farther than the typical
unstretched size of a chain. Polymeric brushes are important, for example,
for the stabilization of colloids. They also allow to create bio-compatible
surfaces, control wettability, and to dramatically reduce friction between
surfaces, providing a path in this way to lubrication in arti�cial joints
[19, 20, 21]. Furthermore, the behavior of tethered polymers is relevant
for DNA micro-arrays for diagnosis of mutations [22] and for anti-fouling
coatings in micro-�uidic devices [23].
Because of the Navier stick condition at the wall the �uid �ow a�ecting
the brush will always essentially exhibit a shear character. Two important
steps towards the understanding of the linear and nonlinear rheological re-
sponse of brushes are therefore the study of isolated tethered polymeric
molecules and of dimers of such polymers at de�ned distance from each
other, respectively, in shear �ow. The response of individual tethered
DNA molecules to shear is of fundamental biological importance also for
the transcription of proteins in living cells, as this requires stretching coiled
double-stranded DNA.
The case of extreme stretching of DNA molecules in the natural B form
has been investigated in previous single molecule studies using force mi-
croscopy [24]. Following an entropic elastic behavior at low forces in the
range up to 5 pN, a steep rise on the force required to stretch the molecule
and a plateau in the force-extension curve at 65 pN, up to an extension
of the molecule by 70%, has been found. The reason for this plateau has
been the subject of intense discussions in the scienti�c literature until the
present day [25, 26, 27, 28]. Whereas a transition to a new conformation
of DNA, so-called S-DNA has been postulated [29], others claim melting
of the double-stranded DNA, that means separation of base pairs and for-
mation of single-stranded DNA, to be behind the observed plateau [30].
Chapters 2 and 3 of the present thesis are related to studies of individ-
ual tethered DNA molecules. Chapter 4 reports on an investigation of
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stretched DNA molecules in arti�cially produced DNA �lms by x-ray scat-
tering. More speci�cally, chapter 2 of the thesis addresses the behavior of
single tethered DNA molecules in shear �ow using �uorescence microscopy.
In contrast to previous studies oscillatory shear �ow was applied here in
an attempt to resolve a dispute in the literature about the existence of
resonant frequencies in this case. Chapter 3 reports on the manufacture of
a micro-�uidic device for the study of hydrodynamic interactions between
two individual tethered DNA molecules. Chapter 4 describes an attempt
to study the structure of overstretched DNA in highly oriented �lms by
X-ray di�raction, in order to test the hypotheses of the existence of a
special con�guration of S-DNA versus melting of ds-DNA at high forces.
Chapter 5 �nally presents a summary of the thesis as a whole.



Chapter 2

End-Grafted DNA Molecule under
Oscillatory Shear Flow

2.1 Introduction
2.1.1 Rheology and Tribology of Polymers
Polymers have had an enormous impact on modern society and are con-
tinuing to do so. This is because of the many facets and wide variation
of mechanical, electrical, and optical properties of these materials and
the correspondingly wide range of possible applications. The rheological
properties of polymers are just one aspect of their special behavior and
are practically important, for example, in industrial manufacturing, where
the rheological behavior of polymer melts is a decisive issue for production
processes based on extrusion.
The description of the rheological properties of incompressible liquids is
generally based on the Navier-Stokes equations [31]

ρ
D~v

Dt
= ~∇ · σ̂ + ~fext (2.1)

and
~∇ · ~v = 0 (2.2)

Here, ρ is the density and ~v is the velocity of a volume element of the
liquid, and fext represents any external volume forces like gravity, for
example. D~v

Dt is the time derivative in the local moving coordinate frame
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2 Introduction 8

of the volume element considered
D~v

Dt
=
∂~v

∂t
+ ~v · ~∇~v (2.3)

It consists of the linear term ∂~v
∂t representing the acceleration of the volume

element in the laboratory frame and the nonlinear term ~v · ∇~v, which
describes the acceleration due to movement of the volume element of the
liquid into a region of higher or lower �ow velocity. The term ∇ · σ̂ in
equation 2.1 describes the force on the volume element due to the stress
σ̂ in the liquid. As can be seen from the continuity equation:

∂ρ

∂t
+ ~∇ · (ρ~v) = 0 (2.4)

equation 2.2 just expresses the incompressibility of the homogeneous �uid
(∂ρ∂t = 0, ~∇ρ = 0). Because of this incompressibility the stress tensor can
be written as

σ̂ = −pÎ + η ˙̂γ (2.5)
where p is the pressure, Î is the 3×3 unit matrix, and the second term on
the right-hand side describes the shear stress due to the �nite viscosity of
the liquid. The tensor ˙̂γ is the shear strain rate

˙̂γ = ~∇~v + (~∇~v)T (2.6)

which implies a shear force

η~∇ · ˙̂γ = η~∇2~v (2.7)

acting on a volume element of the liquid. For the simplest case of a shear
�ow at p = 0 between two planar surfaces at z = 0 and z = h, respectively,
the one at z = h being moved into the y direction with constant velocity
v0 relative to the one at z = 0, ~v = vy~ey, (~∇~v)ij =

∂vy
∂z δizδjy the shear

stress is given by
σyz = η

∂vy
∂z

(2.8)
with all other components of the shear stress tensor being zero. Neglecting
the inertial term in equation 2.1 yields the so-called Stokes approximation.

η~∇2~v − ~∇p = −~fext (2.9)
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In the case of rheologically ordinary liquids like water the viscosity η is
a constant and does not depend on the strain rate ∂vy

∂z . Such liquids are
called Newtonian �uids. Polymer melts and polymer solutions, on the
other hand, are an important example of non-Newtonian �uids which
behave very di�erently and in a more complicated way than ordinary
Newtonian �uids like water, for example. Blood is just one, although
important, example for a polymer solution with non-Newtonian behavior.
In these cases η depends on the strain rate, which gives rise to a number
of remarkable e�ects, depending on whether η increases or decreases with
the strain rate. These e�ects are customarily called 'Weissenberg e�ects'
[32].
In the present thesis, instead of investigating the average �ow behavior of
a polymer solution, the behavior of single tethered polymer molecules in a
bu�er solution is studied under shear �ow. This is possible by �uorescent
tagging of the polymer molecules and near di�raction-limited optical
microscopy. This procedure yields direct insight into the microscopic
mechanisms of the rheology and tribology of polymers. Thereby the
bu�er solution is considered as a Newtonian liquid and the e�ect of the
tethered molecules on the �ow is neglected because they are relatively far
apart from each other.

DNA as a model polymer
In addition to the biological importance of DNA molecule, deoxyri-
bonucleic acid (DNA) is also commonly used for polymer physics
investigations. On the one hand, it was shown in the early 90's [33]
that it can be detected, even on a single molecule level, by means of
�uorescence microscopy using �uorescent dyes attached to the DNA. On
the other hand, DNA is a good example for a linear polymer which can be
copied almost an in�nite number of times with a de�ned length using the
polymerase chain reaction (PCR) method [4]. Moreover, nowadays DNA
can be produced automatically with a given sequence of monomers using
DNA sequencers. It is also possible to change the persistence length, and
therefore the sti�ness of the DNA molecule. The possibility of modifying
one or both ends of the DNA molecule in order to attach it to a surface
or a bead is another reason that makes the DNA molecule interesting for
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use in polymer science studies.

2.1.2 Molecular Structure of Deoxyribonucleic Acid (DNA)
Chemical composition
The basic building block of deoxyribonucleic acid (DNA) is called a nu-
cleotide and the whole DNA macromolecule is constructed by polymerized
nucleotides. We discuss double-stranded DNA here. Each nucleotide con-
tains a phosphate group which links to a sugar ring. This sugar-phosphate
combination of a nucleotide in one of the strands connects to a sugar-
phosphate group in the other strand by base pairs: either Guanine (G)
connecting to Cytosine (C) or Adenine (A) connecting to Thymine (T),
in both cases via hydrogen bonds. The two strands of double-stranded
DNA are opposite, that means antiparallel to each other since this con-
�guration is more stable than parallel strands. This directionality derives
from the two possibilities for the phosphate groups to connect to the sugar
ring, either via the 3' or the 5' carbon atom of the ring. Therefore the
strand can be labeled 3' to 5' or 5' to 3', see Figure 2.2. Watson and Crick
have shown in 1953 [34] how the A-T and G-C base pairs can form via
hydrogen bonds. They suggested two hydrogen bonds for A-T and three
hydrogen bonds for G-C making the latter more stable than the former
one (compare Figure 2.1).

Helical conformation
The analysis of the X-ray di�raction pattern of DNA in 1953 by Watson
and Crick [1] revealed the right-handed double helix conformation of DNA,
also known as the B form. The helix makes a turn every 3.4 nm, and the
distance between two neighboring base pairs is 0.34 nm. Therefore, there
are about 10 pairs per turn. The intertwined strands make two grooves of
di�erent widths, the major and the minor groove, respectively. Figure 2.2
demonstrates a B form DNA molecule with minor and major grooves and
shows its directionality. It has a helical pitch of 34 nm and the distance
between base pairs is 3.4 nm. In addition, there are other helix structures
for DNA: The A form which also consists of a right-handed helix like the
B form, but is stable in dehydrated conditions. In this case there are 11
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Figure 2.1: Chemical structure of double-stranded DNA [35]
.

base pairs per turn. Z-DNA is a left-handed helix with 12 base pairs per
turn.

2.1.3 Static Properties of a Polymer
Radius of gyration and average end-to-end distance of a poly-
mer
A homopolymer can be represented by the set of bond vectors ~rn =
(~r1, ..., ~rN+1) with a bond length b. Position vectors of the joints be-
tween the monomers can be written as {~Rn} = (~R0, ..., ~RN), such that
~rn = ~Rn − ~Rn−1. The mean square radius of gyration R2

g can be de�ned
as:

R2
g =

1

N

N∑
n=1

< (~Rn − ~RCM)2 > (2.10)
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Figure 2.2: B form helix structure of double-stranded DNA molecule [35]
.

where ~RCM is the position of the center of mass of the chain.

~RCM =
1

N

N∑
n=1

~Rn (2.11)

In the simple model of a Gaussian chain the statistical distribution of
the bond vectors is independent of the orientation of the bond and is a
Gaussian function of the bond length [5]

ψ(~r) =
( 3

2πb2

) 3
2 exp

(−3~r2

2b2

)
(2.12)

such that
< ~r2 >= b2 (2.13)

From the properties of the Gaussian integral we obtain for any n and m:

< (~Rn − ~Rm)2 >= |n−m|b2 (2.14)
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Therefore, the radius of gyration for a Gaussian chain is given by:

R2
g =

1

2N 2

N∑
n=1

N∑
m=1

|n−m|b2 =
1

2N 2

∫ N

0

dn

∫ N

0

dm|n−m|b2 (2.15)

=
b2

N 2

∫ N

0

dn

∫ n

0

dm(n−m) =
1

6
Nb2 (2.16)

where the sum have been approximated by the corresponding integrals,
which is valid for large N.

R0

R1

RN

Figure 2.3: Gaussian chain.

In a previous study by M. Admuti-Trache et al. [36] the monomer pro�le
was calculated by renormalization group theory and it was shown that the
result, which takes excluded volume interactions into account, di�ers only
slightly from the pro�le of ideal Gaussian chains, if the radius of gyration
of the ideal chain is replaced by its swollen-chain analog. These authors,
however, as well as the later experimental study by R. Lehner [37], using
confocal optical microscopy were primarily interested in the density of the
segmental concentration pro�le as a function of distance z from the surface
and averaged over the directions parallel to the surface.
The mean square end-to-end distance of a polymer, on the other hand,
can be calculated as

R̄2 = 〈(~R(L)− ~R(0))2〉 = Nb2 (2.17)

and the mean square �uctuation of the center-of-mass position for a Gaus-
sian chain is:

〈~R2
CM〉 =

1

N 2

N∑
n=0

N∑
m=0

〈~Rn
~Rm〉 =

1

N 2

N∑
n=0

N∑
m=0

(〈XnXm〉+ 〈YnYm〉
)

(2.18)
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Using
〈XnXm〉 = |m− n|b2 (2.19)

and replacing the double sum over monomers by the corresponding inte-
grals yields

1

N 2

∫ N

0

dn

∫ N

0

dm |m− n| b2 =
Nb2

9
(2.20)

R2
CM = 〈X2〉+ 〈Y 2〉 =

2

9
Nb2 (2.21)

The Gaussian chain model can be visualized as a bead-spring model (see
Figure 2.3) with a potential energy

U0({~Rn}) =
3

2b2
kBT

N∑
n=1

(~Rn − ~Rn−1)
2 (2.22)

and equal spring constants
k =

3kBT

b2
(2.23)

such that the Boltzmann distribution for the bead-spring model is
equivalent to equation 2.12. In this equivalent mechanical model the
temperature-dependent spring constant is necessary in order to obtain the
temperature-independent probability distribution described by equation
2.12.

Persistence length of a linear polymer
A real polymer has a �nite �exibility. In order to take this property into
account linear polymers are usually modeled as a rod with an elastic
energy for bending. Considering a point on a chain at the position s along
the contour ~R(s), ~u(s) = ∂ ~R

∂s is a unit vector tangential to the chain at
this position. Then the bending energy Ubend is given by [5]:

Ubend =
1

2
E

∫ L

0

ds

(
∂~u

∂s

)2

(2.24)

where E describes the sti�ness of the rod. The conformational distribution
of the polymer is given by the Boltzmann distribution

Ψ[~u] ∝ exp

(
− Ubend
kBT

)
= exp

[
− 1

4λ

∫ L

0

ds

(
∂~u

∂s

)2]
(2.25)
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with
λ =

kBT

2E
(2.26)

This is the Kratky-Porod model [6] and the length lp = (2λ)−1 is the
persistence length. For Lλ >> 1 the end-to-end distance is

R̄2 = 〈
(∫ L

0

ds
∂ ~R

∂s

)2

〉 =

∫ L

0

ds

∫ L

0

ds′〈~u(s)~u(s′)〉 ≈ 2Llp (2.27)

Therefore, from equations 2.16 and 2.17:

R2
g =

Llp
3

(2.28)

and from equation 2.21

R2
CM = 〈X2〉+ 〈Y 2〉 =

4

9
Llp (2.29)

DNA as a semi-�exible polymer
In polymer studies involving DNA molecules the latter are usually consid-
ered as semi-�exible polymer chains. The radius of gyration for λ DNA
end-tethered by biotin to a streptavidin-coated surface has been found
to be 0.77 µm [38]. The persistence length of DNA depends on several
factors, among them the salt concentration because of the electrostatic
e�ect. Transient electric birefringence (TEB) experiments have shown
an increase of the persistence length with decreasing salt concentration.
A generally accepted value of the DNA persistence length at high salt
concentration is lp = 50nm [39, 40]. This is independent of the contour
length of the DNA molecule [41].

Concentration of a polymer molecule close to a wall
The concentration of a Gaussian polymer chain grafted at (0,0,zc) close
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to a wall at z = 0 can be expressed as [42]
C(r, z) =
∫ N

0 dn
∫ +∞
−∞ dx′

∫ +∞
−∞ dy′

∫ +∞
−∞ dz′ Gn(0, 0, zc;x, y, z)GN−n(x, y, z; x′, y′, z′)∫ +∞

−∞ dx
∫ +∞
−∞ dy

∫ +∞
−∞ dz Gn(0, 0, zc;x, y, z)

(2.30)

with r =
√
x2 + y2 and the Green function

GN(x, y, z;x′, y′, z′) =

(
3

2b2πN

) 3
2

×
(
exp

{
−3(z′ − z)2

2b2N

}
− exp

{
−3(z′ + z)2

2b2N

})
×

(
exp

{
−3(x′ − x)2

2b2N

}
exp

{
−3(y′ − y)2

2b2N

})
(2.31)

and
GN(x, y, z;x′, y′, z′) = 0 for z < 0 or z′<0 (2.32)

This Green function represents the statistical weight of a chain of N
monomers starting at (x, y, z) and ending at (x′, y′, z′). The weight is
obtained as the sum of all probabilities of chain con�gurations with the
given start and end positions. The di�erence of two Gaussian functions
of displaced z coordinates expresses the fact that the probability of �nd-
ing the polymer directly at the wall position must be zero. This can be
derived using the mirror method to satisfy the boundary condition. From
equations 2.30, 2.31 and 2.32 the concentration can be obtained explicitly:

C(r, z) =
1

4π.erf(zc2 ){
1√

r2 + (z − zc)2

[
erfc

(√r2 + (z − zc)2

2

)− erfc(
√
r2 + (z − zc)2 + z

2

)]

− 1√
r2 + (z + zc)2

[
erfc

(√r2 + (z + zc)2

2

)− erfc(
√
r2 + (z + zc)2 + z

2

)]}

(2.33)

Here r and z are in units of Rg =
√
Nb2/6
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2.1.4 Dynamical Properties of a Polymer
Linear chain without hydrodynamic interactions: The Rouse
model
Dynamical, that means time-dependent properties of polymers can be
described using a number of more or less sophisticated models. One of
the basic models is the Rouse model [5]. It decomposes the movement
of the polymer into normal coordinates in Fourier space and predicts the
relaxation times of the autocorrelation function of these normal modes. It
neglects �ner details like the hydrodynamic interaction between monomers
or the excluded volume interaction. The latter can be taken into account
in a more detailed model like the Zimm model (see below). Because of the
importance of these models in the present context the relevant �ndings
will now be shortly described.
The Rouse model starts out from the Langevin equation for a bead-spring
model (see Figure 2.3, in which only nearest-neighbor interactions are
considered

ζ
d~Rn

dt
= −k(2~Rn − ~Rn+1 − ~Rn−1) + ~fn (2.34)

This is just Newton's equation for the beads connected by the springs in-
cluding the friction of the moving bead in the liquid and a statistical force,
but neglecting the mass of the beads. In the continuous limit equation
2.34 can be written

ζ
∂ ~Rn

∂t
= k

∂2 ~Rn

∂n2
+ ~fn (2.35)

For the statistical forces the vanishing expectation value and the δ - shaped
autocorrelation function are assumed to be known

< ~fn(t) >= 0 (2.36)

< fnα(t)fmβ(t′) >= 2ζkBTδnmδαβδ(t− t′) (2.37)
Equation 2.35 can be decoupled by a Fourier transform

~Xp ≡ 1

N

∫ N

0

dn cos(
pπn

N
)~Rn(t) (2.38)
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with p = 0, 1, 2, ... which leads to

ζp
∂

∂t
~Xp = −kp ~Xp + ~fp (2.39)

with
kp = 2π2kp2/N =

6π2kBT

Nb2
p2 (2.40)

Because of the decoupling the ~Xp can be considered as normal coordinates
of the molecule. Their correlation functions in time can be calculated to
yield

< Xpα(t)Xqβ(0) >= δpqδαβ
kBT

kp
exp(− t

τp
) (2.41)

with
τp = τ1/p

2 (2.42)
and

τ1 =
ζ1

k1
=

ζN 2b2

3π2kBT
(2.43)

which shows that the normal mode with the lowest mode number corre-
sponds to the longest relaxation time.
Because this model neglects the excluded volume interaction and the hy-
drodynamic interaction between monomers, the mobility tensor, i.e. the
tensor relating the forces acting on the Brownian particles to their veloc-
ities, is diagonal and can be written as

~Hnm =
~I

ζ
δnm (2.44)

Taking hydrodynamic interactions into account: The Zimm
model
Experimental results, in particular for the dependence of the viscosity
of polymer melts on the chain length do not agree with the predictions
of the Rouse model. This is caused mainly by the hydrodynamic and
excluded volume interactions, which are neglected in the Rouse model.
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The Zimm model [10] takes hydrodynamic interactions into account by
writing the mobility in the form of the Oseen tensor [5]

~H(~r) =
1

8πηsr
(~I + ~̂r~̂r) (2.45)

and replacing k/ζ in equation 2.35 with this tensor for the o�-diagonal
terms. Equation 2.45 can be derived by Fourier transforming equation
2.9. Because the mobility in equation 2.45 is nonlinear in ~Rn − ~Rm, it
is di�cult to solve the resulting Langevin equation. The usual procedure
is to pre-average the mobility over all con�gurations {~Rn}. This leads to
the following predictions within the Zimm model for vanishing excluded
volume, i.e. for the so-called θ-condition

τp =
τ1

p
3
2

(2.46)

τ1 =
ηs(
√
Nb)3

√
3πkBT

= 0.325
ηsR̄

3

kBT
(2.47)

where R̄ is the end-to-end distance of equation 2.17 and expressed in terms
of the experimentally more accessible persistence length by equation 2.27.
For a good solvent, on the other hand, where the excluded volume is large
and positive, a reasonable assumption generally is to replace equations
2.46 and 2.47 by

τp =
τ1

p3ν
(2.48)

τ1 =
ηsN

3νb3

kBT
(2.49)

Here, kBT is the thermal energy, η is the solvent viscosity, and ν is the
'Flory' scaling exponent equal to 3/5 for a good solvent [5].
In the case of a good solvent (strong excluded volume e�ect) the Zimm
model predicts a radius of gyration [5]

Rg = 0.203
kBT√
6ηD

(2.50)

Here, D ∝ L−ν [43] is the self-di�usion coe�cient.
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2.1.5 Single DNA Molecule under Shear Flow
DNA molecule under steady shear �ow
The behavior of DNA molecules has been studied in di�erent kinds of
�ows [44, 45, 16, 46], but here only the case of shear �ow is discussed.
Shear �ow is a combination of purely elongational and purely rotational
�ow. Usually a polymer conformation in solution is coil-like because
of entropic forces. Therefore the resulting conformation is also called a
'random coil'. The sti�ness or �exibility of the chain has an e�ect on
coiling. In the presence of shear �ow, drag forces expand the molecule,
and during elongation the polymer presents di�erent dynamics. In
the expanded con�guration the hydrodynamic force decreases, but the
Brownian motion still changes the conformation of the chain so it may
continue to extend or tumble end over end, causing the chain to assume
a coil shape again. Tumbling occurs because of the rotational component
of the shear �ow [16]. For a tethered chain, although the wall blocks
end-over-end tumbling, the �ow stretches the polymer into regions of
higher velocity of the liquid. Due to being tethered to the wall, however,
the molecule experiences a maximum extension and then returns to
regions of lower velocity, closer the wall. This is equivalent to a tumbling
motion.
Tumbling motion of a polymer under shear �ow has been found for a free
polymer by experiment [47] and by numerical simulation [48], as well as
for a tethered polymer by experiment [13] and by numerical simulation
[49]. The degree of periodicity of this cyclic motion is currently still
under debate. Delgado-Buscalioni [49] reported a very broad peak, on
a logarithmic frequency scale, of the cross spectral power density of the
elongation in the �ow and gradient directions. Schroeder et al. [50],
like Smith et al. [16] found no periodicity in the elongation of the
molecule under shear �ow, but stated that the polymer orientation angle
θ exhibits a temporal periodicity at low frequencies. The existence of
any periodicity was rejected for motion of a free semi-�exible polymer by
Winkler [51], and for a tethered polymer in shear �ow by Zhang et al.
[52], based on numerical and analytical calculations. Lueth and Shaqfeh
[53] performed Brownian dynamics simulations as well as experiments
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of tethered λ-phage DNA in shear �ow and found no periodicity in the
autocorrelation of extension, but (again) reported a periodicity, now
termed "quasi-periodicity" in the autocorrelation of orientation angle of
the molecule, although this actually does not appear to be corroborated
by their results.
The �ow strength is usually characterized by the dimensionless Weis-
senberg number Wi = γ̇τ . Here, γ̇ is the shear rate and τ is the longest
relaxation time of the polymer. Within the Rouse and Zimm models the
latter are given by equations 2.43, 2.47, or 2.49. In the present thesis,
corresponding to the case of a single �uorescently labeled tethered DNA
molecule, τ is determined experimentally (see chapter 2.3). It should be
kept in mind, however, that the longest relaxation time may in principle
also depend on the shear rate (τ = τ(γ̇)).
Figure 2.4 reproduces micrographs from reference [13] of single DNA
molecules in steady shear �ows corresponding to di�erent Weissenberg
numbers. The dependence of the mean fractional extension of the
molecule on the Weissenberg number for a free [16] and tethered [13]
chain under shear �ow is shown in Figure 2.5. The mean extension
increases rapidly for Wi>1 up to Wi ≈ 20. At even larger Wi the increase
of the contour length is slow. The mean extension of a tethered polymer
is larger than that of the free chain for the same Weissenberg number,
because the free chain can align itself parallel to the �ow and in this way
avoid the shear, whereas a tethered molecule experiences repulsive forces
from the negatively charged wall and therefore is pushed into the shear
�ow. A critical transition in the extension of a polymer molecule under
shear �ow occurs, when the inverse shear rate becomes shorter than the
relaxation time, that means for Wi > 1. In this case the molecule is not
able anymore to fully respond to the shear. [54].
The conformation of the chain also depends on hydrodynamic interac-
tions (HI). The �ow imposes a force on each monomer of the chain and
perturbed monomers transmit the force back to the �ow (hydrodynamic
back �ow). The non-draining assumption assumes that the �ow does
not penetrate into the chain in coil con�guration but as the chain is
elongating, it becomes more in touch with the �ow (free-draining) and
the friction acting on the individual segments is larger than the friction
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Figure 2.4: Time series of DNA molecules under steady shear �ow at di�erent Weis-
senberg numbers. (a) Wi = 0 (b) Wi = 5.1 (C) Wi = 14.5 (d) Wi = 110. The
horizontal scale bar in (a) is 5 µm [13].
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Figure 2.5: Mean fractional extension of free and tethered DNA molecules under shear
�ow. Symbols are experimental data and lines are from simulation [13].

acting on them in coiled shape. Of course, hydrodynamic interactions
between monomers are smaller for a stretched molecule than for its coiled
conformation [55].
Shearing causes temporal �uctuations of the extension of a tethered
chain, in addition to thermal �uctuations. These �uctuations are due
to continuous recirculating motion of the chain (cyclic dynamic). For
large and small Wi number �uctuations are smaller than for interme-
diate Wi number [13]. This was explained by Doyle et al. by (a) the
shear-enhancement of �uctuations in the direction of shear, induced by
Brownian �uctuations in the z direction, and (b) by the nonlinearity of
the elasticity of the DNA molecule.
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DNA under oscillatory shear �ow
The behavior of DNA in shear �ows depends on the shear rate dvy/dz.
As discussed above, previous experiments were performed under constant
shear �ow. Applying instead an oscillatory shear �ow allows to change
two independent parameters, one is shear strain amplitude A/d and the
other is angular frequency ω. One goal of this thesis was to explore
whether the two parameters are relevant only via the shear rate amplitude
ωA/d or whether the following parameters in�uence the behavior of the
DNA molecule independently.

γ =
A

d
(2.51)

γ̇ = γω (2.52)

Wi = γ̇τ =
A

d
ωτ (2.53)
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2.2 Materials and Methods
2.2.1 Sample Preparation
In the present study oscillatory shear �ow is applied to DNA molecules
which are end-grafted to the glass substrate. To this end DNA molecules
are functionalized by a molecule at one of its ends, biotin in this case,
which allows to graft it to a streptavidin-coated coverslip.

Bacteriophage λ DNA
The type of DNA used in this study is λ phage DNA. Enterobacteria
phage λ is a bacteriophage that infects Escherichia coli bacteria. It
contains double-stranded DNA in a linear shape. This DNA, however,
becomes circular after having been injected into its host causing the
infection in this way [56]. λ DNA is replicated in host bacteria by
transcription. Figure 2.6 shows a particular feature of circular λ DNA:
both strands exhibit a gap which are 12 base pairs apart from each
other in the two strands. This feature is called a 'nick'. It leads to a
single-stranded 5' complementary 'sticky end' when converted to the
linear form (compare the following subsection). The complementary
sequences are 5'-AGGTCGCCGCCC-3' and 5'-GGGCGGCGACCT-3' in
both strands. These overhangs can be used for attaching special ligands
to DNA in order to functionalize one or both ends of the molecule for
various possible applications. λ DNA molecules consist of 48502 base
pairs with a total length of 16.5 µm in B conformation [57] and 3.1×107

Daltons as its molecular weight.

End-labeling of DNA

Linearization
The purchased λ DNA (A.1.1) is in circular form. The preparation of
end-modi�ed DNA starts by heating 66 µ l of the solution with a concen-
tration of 500mg/ml of DNA to 75 ◦ C for 15 min. At this temperature
the strands start to separate, which is called melting. After that rapid
cooling in ice for 5 minutes is required in order to stop the separation of
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Figure 2.6: End labeling procedure of λ DNA molecules: a) The ring of λ DNA
becomes linear at a temperature of 75 ◦C. b) oligomers with complementary sequences
with DNA stick to both ends of λ DNA. A small molecule like biotin or thiol can be
attacheded to DNA via these oligomers [58].

the strands. 10 µ l of 10 fold ligase bu�er (A.1.2) is added to the DNA.

Labeling with biotin (or thiol) molecules
Sticky ends of λ DNA in the linear form are ready to combine with comple-
mentary DNA oligomers. Oligomers are purchased already prepared with
one end bound to a biotin molecule (C10H16N2O3S). The DNA solution is
mixed with 3.4 µ l of each complementary oligomer. In this way the biotin
molecule is tagged to an oligomer with the 5'-GGGCGGCGACCT-3'
sequences. The other open end of the molecule is attached to an oligomer
with a 5'-AGGTCGCCGCCC-3' sequence. Adding 17.2 µ l milli-Q water
(A.1.3) gives about 100 µ l solution, which is then heated in 50 ◦C for 1
hour for hybridization. 1 µ l T4 ligase bu�er (A.1.4) closes the nick at
the end of the molecule with the oligonucleotides. The solution remains
at room temperature for 1 hour. Gel �ltration chromatography by a
"nick column" operating by gravity �ow (A.1.5) is used to �lter the
extra amount of unbound oligomers from the DNA solution. Figure 2.6



2 Materials and Methods 26

a, b shows the procedure of end labeling DNA with the biotin molecule
(compare [59]). If the oligomer is attached to a thiol molecule instead
of biotin, DNA is labeled with this molecule. Experiments in chapter 2
have been performed with DNA molecules labeled with biotin molecules
at one end. In the work described in chapter 3 DNA was labeled with a
thiol molecule at one end. It is also possible to have two biotin molecules
bound to each end of the DNA molecule, respectively. In this case both
ends will attach to the functionalized surface and and the DNA molecule
thus produces a loop on the substrate.

DNA concentration
The concentration of DNA in the solution is determined by UV absorption
photometry (A.1.6). The nitrogen-containing bases in nucleotides have
an absorption maximum at about 260 nm. Prepared λ DNA in these
experiments had a concentration around 50 ng

µl . This was diluted by Tris
Borate EDTA (TBE) (A.1.7) to a concentration of 0.1 ng

µl suitable for
doing experiments.

Length of DNA
Gel electrophoresis was used to measure the length of the DNA molecules
prepared as described above. Usually, pulsed �eld gel electrophoresis
(PFGE) is used in order to measure the length of long DNA molecules.
Because this method was not available, standard gel electrophoresis was
employed using agarose gel (A.1.9) and a 1000 bp DNA ladder as a
marker (A.1.10) in order to estimate the length of the prepared DNA.
In Figure 2.7 the DNA sample clearly is found at a position beyond the
10 kbp marker. This proves that the length of the sample DNA is much
larger than 10 kbp, although it is not possible to determine the exact size
(48 kbp according to the manufacturer) of the molecules by this method.

End-grafting of DNA molecules to the glass substrate
The procedure used for end-grafting of DNA molecules to the glass
substrates consists of the following steps:
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Figure 2.7: Gel electrophoresis of prepared DNA sample. The length of the DNA
sample is much larger than 10 kbp.

Cleaning the glass substrate
Coverslips (A.1.11) were cleaned with acetone (A.1.12), ethanol (A.1.13)
and isopropanol (A.1.15) and sonicated in an ultrasonic bath in milli-Q
water for 30 minutes. After that the slides are soaked in piranha solution
(A.1.16) for 30 minutes. This removes organic dirt and grease on the
surface. In the next step the slides are rinsed with milli-Q water. When
glasses are washed several times with water hydroxyl groups (OH) form
on the surface [60]. The slides are then washed with ethanol several times.

Silanization
The clean glass substrates are soaked in silane solution with 2% silane
(A.1.17) and 98% ethanol (A.1.14). The substrates remain in the solution
for 2 hours at room temperature. Hydrolyzed aminosilane molecules react
with the hydroxyl (OH) groups on the glass surface and form a layer with
amino moieties [61]. In order to dry them they are stored in an oven at
60 ◦C for 5 hours. Silanization was also attempted using silane solutions
in toluene and acetone. These attempts turned out unsuccessful, probably
because of insu�cient purity of the solvents.
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Figure 2.8: Functionalization of the clean glass surface is performed in three steps:
silanization, cross-linking of the silane with glutaraldehyde, and binding of streptavidin
to the glutaraldehyde via nitrogen [37]

Streptavidin coating
The silane coating of the glass substrate is cross-linked with glu-
taraldehyde (A.1.18) for 30 minutes. After that it is rinsed with PBS
bu�er (A.1.8), covered with streptavidin (A.1.19) (concentration c =
0.1 mg/ml in PBS) for one hour, and rinsed with TBE bu�er. The
biotin-streptavidin interaction is one of the most widely used interactions
in bio-conjugation chemistry, because of the strong a�nity and high
speci�city of the interaction. The binding strength (Kd ≈ 10−15 M)
[62] between biotin and streptavidin is about four orders of magnitude
stronger than that of typical antigen-antibody interactions and is the
strongest among all non-covalent interactions. The presence of four
binding sites [63] on each streptavidin molecule makes it possible to
link a biotin-tagged molecule to a streptavidin-coated surface. The
exceptionally strong interaction ensures the integrity of the linker under
a wide range of experimental conditions. When this interaction is used
for the immobilization of a biotin-tagged DNA molecule to a solid
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surface, the interaction is through the tag, thus minimizing disturbance
to the DNA structure. The chemical procedure is illustrated in Figure 2.8.

Labeling DNA with �uorescence dyes
Intercalation is one of di�erent binding modes in which small molecules
insert between two adjacent base pairs of double-stranded DNA. For
intercalation, base pairs must separate from each other by unwinding
to provide a space for the intercalator molecule. Therefore, the size
of the DNA molecule increases after intercalation. In the experiments
performed for this thesis an unsymmetrical nucleic acid dye YOYO-1
iodide (excitation / emission maxima at 491 nm and 509 nm, respectively)
was used. This dye is almost non-�uorescent in solution, but forms
highly �uorescent complexes with double-stranded DNA (dsDNA), up to
a maximum dye-to-DNA base pairs ratio of 1:4, with more than 1000-fold
�uorescence enhancement [15]. Chemically it is a dimer of two oxazole
yellow (YO) dyes, each with one carbon atom bridging the aromatic rings
of the oxacyanine dye (compare Figure 2.9). Emission and absorption
spectra of YOYO-1 are shown in Figure 2.10.

Figure 2.9: Chemical structure of the YOYO-1 molecule. Adapted from [15]

In this work DNA was incubated with YOYO-1 (A.1.20) dye for 30
minutes at 50 ◦C. The dye-to-DNA base pair ratio was 1:4. YOYO-1
bleaches under conditions of intense excitation. Therefore it was possible
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Figure 2.10: Emission and absorption spectra of YOYO-1 bound to DNA [64].

to observe the �uorescence of DNA labeled with YOYO-1 only for a short
time of about 1 minute. Anti-bleaching agents exist, but were avoided in
the present study, because they might a�ect the dynamical properties of
DNA molecules.

Density of the DNA carpet
In the experiments the typical density of tethered DNA molecules was
about 5000 DNA molecules permm2 on the substrate, corresponding to
an average area of 200µm2 per molecule or a distance of about 14µm
between molecules in the limit of a periodic arrangement. For data
analysis relatively isolated molecules were always selected, such that
hydrodynamic interactions between molecules could be assumed to be
weak.

2.2.2 Generating Oscillatory Shear Flow
The heart of the experimental set-up consists of a plano-convex lens
(A.1.21) of diameter D = 9 mm and focal length f = 12 mm attached
to a microscope glass. The microscope glass is glued to a single-axis
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piezoelectric translation stage (A.1.22). The latter is mounted to a
rigid construction made of aluminum pro�les connected to the optical
table, such that the curved surface of the lens is directed downwards
towards the microscope objective lens (100x/1.3 NA oil immersion)
(A.1.23). The experimental set-up is illustrated in Figure 2.11. The

x, y, z
micrometer screws

x

Plano-convex
lens

Piezo

Figure 2.11: Experimental set-up: Plano convex lens attached to a single-axis piezo
translation stage.

plano-convex lens can be positioned precisely on top of a cover slip
with the �uorescent DNA carpet using a manual micrometer-driven
xyz translation stage (A.1.24). The maximum piezo displacement is
400µm horizontally. The piezo translation stage allows for an oscillatory
movement of the lens by application of a sine voltage from a function
generator (A.1.25) in the range of (0-8)V to the high-voltage ampli�er
(A.1.26) (ampli�cation 10x), which is connected to the piezoelectric
translation stage. In this way it is possible to select di�erent frequencies
and amplitudes of the oscillation and to create oscillatory shear �ows
characterized by various shear rates. In these experiments the range of
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applied frequencies is (0.04-6)Hz and for the displacements (30-300)µm.
The area of end-grafted DNA on the cover slip is surrounded by an
imaging chamber made from silicone (A.1.27). This ring-shaped chamber
has a diameter of 2 cm and a height of 2.5 mm. The plano-convex lens
is moved towards the surface using the translation stage and in this
way provides an almost closed chamber minimizing evaporation during
measurement. The space between the cover slip with end-grafted DNA
and the plano-convex lens is �lled with TBE bu�er. In order to produce a
laminar �ow and avoid turbulence the plano-convex lens was centered on
top of the microscope objective lens using the RICM technique (re�ection
interference contrast microscopy). Figure 2.12 shows Newton's rings
produced by the interfering re�ections from both surfaces. The change in
height of the surface of the plano-convex lens above the substrate within
the �eld of view of the microscope of about 100 (µm)2 is only around 1
µm. Therefore the curved surface of the lens can be considered as planar
within this range and a laminar �ow can be achieved in between the two
surfaces. The lens was centered to the axis of the microscope objective
lens in this way for every measurement. The microscope used in the

Figure 2.12: Newton's rings observed through the microscope lens. Centering the
system of interference rings within the �eld of view guarantees the coincidence of the
axis of the upper lens with that of the microscope objective lens. In this way it can
be asserted that the region of laminar �ow between the two surfaces is imaged onto
the CCD camera.

experiments is a commercial inverted microscope (A.1.28) and the CCD
camera (A.1.29) is a 640 × 480 pixel analog camera with a frame rate of
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25 images/second. The pixel size is 18.2×18.2µm2. In all experiments
involving tethered DNA molecules a 100x/1.3NA objective lens was
used, corresponding to a pixel size of 0.182µm in the object space. The
camera controller digitizes the collected charge with a resolution of 16 bits.

Piezo calibration
The movement of the piezo translation stage was calibrated by measuring
the displacement amplitude, in pixels, of the lens as a function of the
voltage amplitude applied to the high-voltage ampli�er driving the piezo
and of the frequency of the drive. For these measurements a di�erent
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Figure 2.13: Piezo calibration. Displacement of the piezoelectric translation stage as
a function of the voltage amplitude supplied to the high-voltage ampli�er for di�erent
frequencies of the drive voltage.

camera than the one used for �uorescence microscopy was employed
A.1.30 in combination with a 10x objective lens. The absolute displace-
ment was determined by calibrating the pixel size on the camera using a
micrometer scale (Graticules LTD, 1mm). Figure 2.13 shows the result
of this calibration procedure for di�erent frequencies of oscillation. It can
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be easily recognized from the �gure that the amplitude of the oscillation
decreases with increasing oscillation frequency. This is expected because
of the inertia of the moving parts of the scanner and of the lens.

Characterization of the �ow pro�le
The displacement of 1 µm polystyrene beads (A.1.31) in aqueous suspen-
sions in the gap between the cover slip and the moving lens was measured
as a function of the axial z coordinate under di�erent conditions of
oscillatory shear �ow in order to determine the �ow pro�le. Di�erential
interference contrast microscopy (DIC) was used to enhance visibility
of the beads in the microscope images. For this purpose movies of
polystyrene particles at di�erent distances from the glass substrate were
recorded. For clari�cation �gure 2.14 shows a schematic representation of
a polystyrene bead in the shear �ow.

Figure 2.14: Latex bead in the oscillatory shear �ow used to characterize the �ow
pro�le. h is the distance between the two surfaces and z designates the distance of the
bead from the surface.

The movement of the �uid can be described according to the Navier-
Stokes equation for a viscous incompressible �uid (compare equations 2.1,
2.5, 2.7, and 2.8):

ρ
∂vy(z, t)

∂t
= η

∂2vy(z, t)

∂z2
(2.54)

Here, ρ is the density and η the viscosity of the �uid. v = vy is the velocity
of the �uid in the y direction, parallel to the movement of the plano-convex
lens. For a drive voltage proportional to sin(ωt) the solution of this
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di�erential equation can be obtained by Fourier transform with respect to
the time t.

ρiωvy(z, ω) = η
∂2vy(z, ω)

∂z2
(2.55)

De�ning
λ2 =

2η

ωρ
(2.56)

results in
(1 + i)2

λ2
vy(z, ω) =

∂2vy(z, ω)

∂z2
(2.57)

The solution of this di�erential equation can be easily obtained. Using
the boundary conditions at z = h and z = 0

{
vy(z = h) = Aωcos(ωt)
vy(z = 0) = 0

the velocity of the bead is then given by:

vy(z, t) = ωa(z)cos(ωt+ φ(z)) (2.58)

and the displacement of the bead is equal to:

y = a(z)sin(ωt+ φ(z)) (2.59)

with the amplitude

a(z) = A

[
cosh2 z

λ − cos2 z
λ

cosh2h
λ − cos2h

λ

]1/2

(2.60)

and the phase

φ(z) =
tan( zλ)tanh(hλ)− tan(hλ)tanh( zλ)

tan( zλ)tan(hλ) + tanh( zλ)tanh(hλ)
(2.61)

Due to the �nite viscosity, the oscillatory amplitude in the liquid decays
away from the moving lens and λ is the penetration length of this ampli-
tude into the liquid.
In the range of drive frequencies and amplitudes employed in the exper-
iment and for the given density and viscosity of the liquid, assumed to
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coincide with those of water, and for the size of the gap between the two
surfaces used in the experiment the �ow pro�le in the gap is very nearly
linear as shown in �gure 2.15. For example, λ is 0.4 mm for a frequency
equal to 2Hz, whereas the typical gap width was h = 20 µm. In general,
the condition h/λ << 1 should be ful�lled in order to have a linear �ow
pro�le. In this case the amplitude in Equation 2.60 can be approximated
by Az/h, independent of λ and, hence, independent of the frequency.
within the same approximation, the phase, given by Equation 2.61 is zero.
In order to characterize in more detail the properties of the �ow for the full
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Figure 2.15: Flow pro�le for a voltage amplitude of 2 and 3 Volt, respectively, and
a frequency of the applied drive voltage of 1Hz, 1.5Hz, and 2Hz, respectively. Lines
show the result from theory and points are measured data. Under the given conditions
of density and viscosity of the liquid, amplitude and frequency of the drive voltage,
and gap width the predicted �ow pro�le is very nearly linear. Theoretical lines for
1Hz- 2V and 1.5Hz- 2V coincide because the gap widths were the same for both
cases.

range of conditions applied in these experiments the Reynolds number was
calculated. The Reynolds number is a dimensionless number and allows
to identify laminar or turbulent �ow regimes. It is the ratio of inertial
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forces
(
ρv2h2

)
to viscous forces (ηvh), therefore:

Re =
hρv

η
(2.62)

Here, as above, ρ is the density, v is the velocity, h is the gap width,
and η is the viscosity. From Equation 2.62 Reynolds numbers in the
range 0.0005 < Re < 0.0957 are obtained for the parameter range of the
experiments. Although the condition for the onset of turbulence depends
on the geometry of the �ow (Re ' 0.1 for a sphere moving in a liquid)
this provides additional strong evidence for the existence of laminar �ow
in the gap.

2.2.3 Fluorescence Microscopy
Fluorescence microscopy has been used for almost a century to observe
�uorescent specimen using excitation by ultraviolet light. More recently,
substantial progress like labeling of antibodies with �uorescent dyes or
the genetic manipulation of �uorescent proteins has been achieved making
�uorescence microscopy nowadays one of the most important tools of
investigation in biology. In addition, the sensitivity of �uorescence
microscopy has been pushed down to the single (dye) molecule level. In
a standard �uorescence microscope the �uorescence is separated from
the excitation light, usually provided by a mercury lamp, using suitable
short-pass excitation and long-pass �uorescence �lters and dichroic
beam splitters. In the present thesis the technique is used to monitor
the dynamics of single multiply labeled DNA molecules tethered to a
surface. This aims at providing insight into the microscopic mechanisms
of externally driven polymer molecular dynamics.

Spatial resolution

Fluorescence imaging by an optical system
A central tool of this thesis is optical imaging of individual �uorescent
DNA molecules. The radius of gyration of these molecules is below 1
micron (see chapter 2.1.3). Therefore, the imaging properties of the
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optical microscope are important and the �nite resolution, which is
limited due to di�raction, can not be neglected. In the following these
properties are very brie�y reviewed.
In the case of transmission or re�ection microscopy coherent superposition
of all contributions in the object plane to the image has to be considered.
In the case of �uorescence microscopy, on the other hand, coherence is
broken and an incoherent superposition in the image plane is obtained,
given by the integral over all intensity contributions from points in the
object plane. The intensity distribution near the image plane caused by a
�uorescent point source in the object plane and produced by the optical
system is then called the point spread function. This intensity point
spread function is given by:

PSF (x, y, z) = |u(mx,my,mz)|2 (2.63)

where the factor m takes into account the magni�cation of the imaging
system and u(x, y, z) is the di�raction integral [65]

u(x, y, z) = − i
λ

Ae−ikf

f

∫ ∫

W

eiks

s
dS (2.64)

Here, s is the path from a point in the aperture of the lens to the point of
observation, k = 2π/λ, λ the wavelength of observation, f the focal length
of the lens, and the integral extends over the aperture of the lens. The
formula is a good approximation when the numerical aperture of the lens
is small compared to one. In this case also the scalar approximation is
justi�ed where the amplitude of the wave is assumed to be scalar and the
vector character of the electromagnetic wave is neglected. Both approxi-
mations typically work well even for relatively large numerical apertures.
Furthermore, a constant amplitude of the illumination is assumed every-
where within the aperture.
The intensity point spread function in the image plane resulting from
Equation (2.64) follows a

PSF (x, y, zimage) ∝
(

2J1(v)

v

)2

(2.65)
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dependence, where
v =

2π

λ

(
a

f

)
r (2.66)

with a being the radius of the lens and r =
√
x2 + y2 the distance from

the axis in the image plane. This intensity distribution exhibits rings of
zero intensity in the focal plane, the so-called Airy rings. From Equation
(2.65) it can be concluded that the full width at half maximum of the
main maximum in the image plane corresponds to an apparent width in
the object plane of

dFWHM =
0.51λ

NA
(2.67)

Here, NA is the numerical aperture of the objective lens. This determines
the di�raction limit in the image plane. The axial dependence of the point
spread function is given by

(
sin(u/4)

u/4

)2

(2.68)

where
u =

2π

λ

(
a

f

)2

z (2.69)

Equation 2.68 predicts zeros of intensity along the propagation axis. The
maxima of the side lobes reach few percent of the main maximum. In
reality the zeros of intensity and the side lobes are often smeared out
and the symmetry for positive and negative defocus is destroyed due to
aberrations occurring in the lens. Because the radius of gyration of a
tethered DNA molecule is below 1 µm, we are interested, however, only
in the region of the central maximum of the point spread function. We
will therefore choose below a simple approximation of the intensity point
spread function consisting in a Gaussian function with a width that in-
creases quadratically with defocus. The quality of this approximation
will be demonstrated experimentally and the necessary parameters will
be deduced from the measurement. As described above the imaging of
an extended incoherently emitting object with an intensity distribution
O(x, y) can be described as summation of the images of all individual
object points. The image is therefore given by multiplying the value of



2 Materials and Methods 40

O(mx,my,mz) by the function PSF (x− x′, y− y′, z− z′) and summing
the result in the form of a convolution integral (compare Figure 2.16).
The displacement in the argument of the point spread function is thereby

Object Intensity Function

O(x´, y´)

Point Spread Function
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Figure 2.16: The image intensity is given by the convolution of the PSF and the object
intensity. Therefore the real size of an object can be derived from a deconvolution of
the image intensity with the PSF [66].

due to the di�erent positions of the individual object points and the cor-
responding shift of their images in the image plane.

I(x′, y′, z′) =

∫ ∫ ∫
O(mx,my,mz)PSF (x− x′, y − y′, z − z′)dxdydz

(2.70)

Measurement of the point-spread function
The point-spread function of the microscope for a given microscope ob-
jective lens was determined experimentally by measuring the �uorescence
intensity distribution in the image plane of 100 nm diameter red �uores-
cent latex beads (A.1.32) (excitation / emission maxima at 488/605 nm).
For such spheres it can be easily shown that the �nite contribution of
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the size of the object can be neglected within a very good approximation
compared to the width of the instrumental point spread function. For a
di�raction-limited microscope (like the Nikon Eclipse TE 200 inverted mi-
croscope used in the experiments) the latter is given by equation (2.67).
A droplet of diluted beads was deposited on a cover slip and allowed
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Figure 2.17: Upper part: Images of a 100 nm �uorescent latex bead at di�erent defocus
z. Experimentally obtained point spread function at di�erent defocus. Lower part:
Fit of the azimuthally averaged intensity distributions to Gaussian functions.

to dry in order to �x the beads to the surface. For observation with the
microscope a droplet of water was added slowly to the dried beads and
images of isolated beads on the surface were taken by means of a 100x/1.3
NA oil immersion lens, the same that was used for the experiment. Suc-
cessive camera images were taken with the bead �rst in focus and then at
increasing defocus in steps of 0.8 µm until the bead was not visible any
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Figure 2.18: Fitted denominators in equation 2.71 are plotted versus defocus together
with a quadratic �t to the data. Resulting coe�cients from the �t: a = (0.16 ±
0.009)µm−1, b = (−0.04± 0.01)µm, c = (0.24± 0.016)µm.

more on the camera image (compare Figure 2.17). The same procedure
was repeated for correspondingly negative defocus values. The intensity
distributions of all images were �tted (compare Figure 2.17) to Gaussian
functions of normalized area

Eexp(x, y, z) =
1

2π(az2 + bz + c)2
exp

(
− x2 + y2

2(az2 + bz + c)2

)
(2.71)

whose widths were assumed to depend on defocus approximately as a
quadratic function. The �tted widths were correspondingly �tted to such
a quadratic function of defocus (compare Figure 2.18). The coe�cients,
corresponding to equation 2.71 obtained in this way are given with their
standard deviations by a = (0.16± 0.009)µm−1, b = (−0.04± 0.01)µm,
c = (0.24± 0.016)µm. This result will be used for the calculation of the
radius of gyration (see chapter 2.3).
The minimum full width at half maximum (FWHM), corresponding to
zero defocus z=0 in equation 2.71, is given by

dFWHM = 2c
√

2ln2 (2.72)
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Using c=0.24µm we obtain dFWHM = 0.57µm, which should be compared
with the di�raction limit FWHM = 0.22µm calculated from equation
2.67 with an average �uorescence wavelength of 0.56µm and NA = 1.3.
Whereas this discrepancy has not been investigated in detail, it appears
most likely that it is due to mechanical instabilities of the system.

2.2.4 Data Analysis
For every sample, the Brownian motion of di�erent DNA molecules
around their grafted positions was monitored by taking movies for about
40-60 seconds before applying any oscillatory shear �ow to the sample.
The observed center-of-mass motion was useful to examine the quality
of the streptavidin-coated surface for every individual sample. Slow
Brownian motion would have been indicative for a sticky surface, which
would have been unsuitable for further experiments. This did not occur,
however, for samples prepared under standard conditions. In the next step
oscillatory shear �ow was applied for a range of frequencies (0.04-6)Hz,
amplitudes (14-130)µm, and distances (12.9-45.1)µm between the lens
and the substrate. The values of applied frequency and amplitude were
chosen such that the movement of the DNA could be later traced by the
program in the movies taken with the CCD camera. Therefore, for lower
frequencies higher drive amplitudes and for higher frequencies lower drive
amplitudes had to be chosen. In the case of very small or very large
elongations of the DNA molecules the software employed is not able to
trace the molecule, because either the movement in the image involves
only very few image pixels or the �uorescence intensity becomes very low.
A list of applied frequencies, displacement amplitudes, and shear and
shear rate amplitudes is given in table 2.1.
In the following the data analysis for the Brownian motion in the absence
of oscillatory shear �ow of end-grafted DNA molecules and the motion of
end-grafted DNA in the presence of oscillatory shear �ow are discussed.

Determination of the center-of-mass position of DNA molecules
Movies were acquired of the time-dependent �uorescence images of
isolated DNA molecules using the CCD camera. Typically the movies



2 Materials and Methods 44

f (Hz) A(µm) ω (Hz) h (µm) γ γ̇ (Hz)
0.04 129 0.25 38.7 3.33 0.84
0.04 129 0.25 25.8 5 1.26
0.04 129 0.25 16.1 8.01 2.02
0.04 108 0.25 19.3 5.6 1.42
0.06 108 0.38 14.5 7.45 2.83
0.06 129 0.38 22.6 5.71 2.16
0.08 129 0.5 14.5 8.90 4.48
0.1 129 0.63 41.9 3.08 1.94
0.1 129 0.63 19.3 6.68 4.2
0.1 108 0.63 21 5.14 3.27
0.25 108 1.57 27.4 3.94 6.24
0.25 89.2 1.57 22.6 3.95 6.2
0.25 108 1.57 40.3 2.68 4.25
0.4 89.1 2.51 24.2 3.68 9.27
0.4 69.4 2.51 33.9 2.05 5.15
0.4 69.4 2.51 35.5 1.95 4.92
1 50.2 6.28 22.6 2.22 14
1 50.2 6.28 32.2 1.56 9.78
1 69 6.28 37.1 1.86 11.7
1 50.2 6.28 26.6 1.89 11.8
1 31.3 6.28 17.7 1.77 11.1
1.5 68.6 9.42 20.1 3.41 32.1
2 30.6 12.6 12.9 2.37 29.8
2 49.6 12.6 17.7 2.80 35.2
2 30.6 12.6 29 1.06 13.6
2.5 30.6 15.7 22.6 1.35 21.3
2.5 68.6 15.7 45.1 1.52 23.9
2.5 14.1 15.7 21 0.67 10.57
3 48.7 18.8 21 2.32 43.8
3 48.7 18.8 20.1 2.42 45.5
4 28.3 25.1 37.08 0.76 19.2
4 47.7 25.1 12.9 3.70 93
4 67.1 25.1 45.1 1.49 37.4
4 47.7 25.1 41.9 1.14 28.6
4 28.3 25.1 29.8 0.95 23.9
4 47.7 25.1 33.8 1.41 35.4
4 47.7 25.1 41.9 1.14 28.7
4 47.7 25.1 28.2 1.69 42.5
4 47.7 25.1 19.3 2.47 62.03
6 105 37.7 24.2 4.34 163.7
6 30.6 37.7 21 1.46 55

Table 2.1: List of applied drive frequencies (f), applied amplitudes (A), angular fre-
quencies (ω = 2πf), lens-substrate distances (h), shear (γ), and shear rate amplitudes
(γ̇) employed in the experiments.
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Figure 2.19: a) Fluorescence image of an isolated DNA molecule in the absence of
shear �ow). b) Same image after subtraction of the background and thresholding of
the image.

were stopped after about 40s, when the intercalated YOYO dye bleached.
The movies were analyzed by an image analysis software program [67].
After subtracting the background intensity from the individual images
and thresholding the resulting images the center-of-mass positions were
calculated for the x and y directions by simple statistics

xCM =

∑
n,m xn · In,m∑
n,m In,m

(2.73)

yCM =

∑
n,m yn · In,m∑
n,m In,m

(2.74)

(see Figure 2.19). This procedure was employed for DNA molecules in
the absence as well as in the presence of shear �ow. Small variations
of the background turned out to lead only to negligible changes in the
center-of-mass positions.

2.2.5 Simple model: Harmonic oscillator under oscillatory
shear �ow

A bead connected to a spring under oscillatory shear �ow is considered
as a simple model in order to describe the behavior of the DNA molecule
under oscillatory shear �ow. A schematic of the model is shown in Fig-
ure 2.20. End-grafted DNA has been predicted by renormalization group
calculations [36] as well as computer simulations [68] to have a mushroom
shape [38], corresponding to an increase of the monomer concentration
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with increasing distance from the substrate surface, followed by a decay.
Therefore, the bead is considered to be attached to a point at a distance
zc above the substrate surface. The oscillating surface is at a distance h
from the �xed substrate surface. The displacement of the moving surface
is uy = Asin(ωt) and the velocity is vy = Aωcos(ωt). The equations of

Figure 2.20: Harmonic oscillator in an oscillatory shear �ow.

motion in the y and z directions then read

ζ(
dy

dt
− γ̇z) = −ky + fy (2.75)

ζ
dz

dt
= −k(z − zc) + fz (2.76)

Here, ζ is the friction coe�cient (6πηr for a simple sphere), γ̇ is the shear
rate, k is the spring constant, zc is the distance from the surface, and fy,
fz are the �uctuating forces in the y and z directions, respectively. The
�ow pro�le has been assumed here to be linear, corresponding to a gap
width signi�cantly smaller than the viscous penetration length (compare
the linear approximation to Equation 2.60 discussed above). Moreover,
the inertial force has been neglected in these equations because of the
very small mass of the DNA molecule. In the following the expecta-
tion values of Equations 2.75 and 2.76will be considered, for which the
statistical forces fy and fz cancel out. The solution of equation 2.76 then is

z(t) = zc + (z0 − zc)exp(− t
τ

) (2.77)
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and therefore

y(t) = y0exp(− t
τ

) +

∫ t

0

dt′γ̇(t′)exp(−t− t
′

τ
)[zc + (z0 − zc)exp(−t

′

τ
)]

(2.78)
For a constant shear

y(t) = y0exp(− t
τ

) + τ γ̇zc(1− exp(− t
τ

)) + (z0 − zc)γ̇texp(− t
τ

) (2.79)

y(t→∞) = zcτ γ̇ = zcWi (2.80)
Here, τ is the relaxation time

τ =
ζ

k
(2.81)

Equation 2.80 predicts a displacement proportional to the Weissenberg
number, and also proportional to zc, corresponding to zero displacement
for zc = 0. The latter observation is easily understood, because in this
case the equilibrium position of the molecule at z = 0 implies that the
molecule does not experience any shear. A more sophisticated averaging,
not applied to the equations of motion, but to the resulting trajectories,
would yield a �nite displacement even for zc = 0.
For an oscillatory shear

γ̇ = γωcos(ωt) (2.82)

y(t) = y0exp(− t
τ

) + (z0 − zc)γsin(ωt)exp(− t
τ

)+

zcγωτ

1 + (ωτ)2
[cos(ωt) + ωτsin(ωt)− exp(− t

τ
)] (2.83)

Therefore, the steady-state response is

y(t→∞) = zcγ
ωτ

1 + (ωτ)2
[cos(ωt) + (ωτ)sin(ωt)] (2.84)

y(t) = ymax cos(ωt− arctan(ωτ)) (2.85)
= ymaxsin(ωt+ φ) (2.86)
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with
ymax = zcγ

ωτ√
1 + (ωτ)2

(2.87)

and
φ(ωτ) =

π

2
− arctan(ωτ) (2.88)

For ωτ >> 1
y(t) = zcγ sin(ωt) (2.89)

For ωτ << 1
y(t) = zcγωτcos(ωt) (2.90)

Figure 2.21 shows the predictions of this simple model for the normalized
amplitude ymax/(zcγ) and the phase φ of the harmonic oscillator in the
oscillatory shear �ow as a function of ωτ .
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Figure 2.21: Normalized amplitude ymax/(zcγ) (left) and phase φ (right) of a harmonic
oscillator in an oscillatory shear �ow as a function of normalized frequency.
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2.3 Results and Discussion
This chapter has been divided into two parts. The �rst part discusses
equilibrium �uctuations and dynamical properties of end-grafted DNA in
the absence of shear �ow and compares the results with known polymer
properties. The second part presents data and results obtained for end-
grafted DNA under oscillatory shear �ow.

2.3.1 End-grafted DNA Molecules in the Absence of Shear
Flow

Center-of-mass position
The measured center-of-mass position for a particular DNA molecule is
shown as a function of time in the x and y directions in Figure 2.22. The
�uctuations of the molecule around its grafted point are caused exclusively
by Brownian motion of the molecule. The random walk of this tethered
molecule is shown in Figure 2.23 by plotting yCM versus xCM with time t
as a parameter.
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Figure 2.22: Fluctuation of the center-of-mass position of a particular DNA molecule
around its grafted point in the x and y directions as a function of time (0 < t < 28s).
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Figure 2.23: Random walk of the molecule around its grafted point caused by Brownian
motion.

Representing the exemplary data shown in Figure 2.22 and 2.23 in the
form of histograms reveals the probability distributions of the x and y
positions. As can be seen from Figure 2.24 these histograms for xCM and
yCM approximate Gaussian distributions. This is as expected for a ran-
dom walk.

Mean square �uctuation of the center-of-mass position of a sin-
gle DNA molecule
The mean square �uctuation of the center-of-mass position of the molecule
is given by

RCM =
√
〈x− 〈x〉〉2 + 〈y − 〈y〉〉2 (2.91)

where the averages are performed over all images of a particular molecule
in a given movie. Repeating this procedure for 15 di�erent molecules a
value

RCM = (0.49± 0.11)µm (2.92)
was obtained, where the error indicates the standard deviation between
the molecules. As discussed in chapter 2.1.3 for a semi�exible polymer
RCM can be calculated using equation 2.29. Assuming a polymer with



2 Results and Discussion 51

−1 −0.5 0 0.5 1
0

20

40

60

80

100

120

140

Displacement (µm)

#

x direction

−1 −0.5 0 0.5 1
0

20

40

60

80

100

120
y direction

Displacement (µm)

#

Figure 2.24: Histograms of the center-of-mass position for a particular DNA molecule
in the x and y directions in the absence of shear �ow approximate Gaussian distribu-
tions for both directions.

length L = 21µm [13] and lp = 0.05µm [39, 40] as its persistence length,
this parameter should be equal to 0.68µm . This value is larger than
the measured value given above, about two standard deviations from the
measured value. It may be that analysis of a larger number of molecules
would reduce the discrepancy. On the other hand, neither the Gaussian
chain model nor the Kratky-Porod model may actually fail to reproduce
faithfully the behavior of an end-grafted DNA molecule.

Radius of gyration of a single DNA molecule
The �uorescence intensity of �uorescently labeled DNA molecule was
averaged over a time of ' 40 sec, corresponding to 1000 images. The
upper left image in Figure 2.25 shows the �uorescence image of a DNA
carpet after averaging. The upper right image shows a zoom into the
image of one individual DNA molecule from the DNA carpet. The pro�le
of this averaged intensity, averaged in addition over the azimuthal angle,
is shown in the graph at the bottom of Figure 2.25.
The widths obtained directly from the averaged images do not show the
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Figure 2.25: upper left image: Fluorescence image of an end-grafted DNA carpet,
averaged over a time span of 40 seconds. upper right image: Zoom into an image of
one of the end-grafted DNA molecules. bottom graph: Azimuthally averaged pro�le
of the �uorescence intensity of the chosen molecule and a �t to equation 2.94 (compare
the text)

real sizes of the molecule because of the di�raction-limited resolution
of the imaging by the objective lens (compare the discussion in section
2.2.3). In order to get the real size of the molecule it is necessary to
deconvolute the concentration of the DNA with the point spread function
(see Figure 2.16). In contrast to a previous study by R. Lehner [37]
using confocal optical microscopy, which was primarily interested in the
density of the segmental concentration pro�le as a function of distance
z from the surface and averaged over the directions parallel to the



2 Results and Discussion 53

surface, the present study uses non-confocal �uorescence microscopy of
single DNA molecules and therefore cannot resolve the z dependence of
the monomer density because of overlapping out-of-focus background.
Imaging by non-confocal �uorescence microscopy provides a signal that
is proportional to the convolution of the PSF of the non-confocal optical
system with the monomer concentration.

I = PSF ⊗ C(r, z) (2.93)

Here, the monomer concentration C(r,z) is given by equation 2.33. There-
fore

I(x, 0, 0) =

∫ ∞
0

rdr

∫ ∞
0

dz 2πI0

( xr

(az2 + bz + c)2

)

1

2π(az2 + bz + c)2
exp

(
− x2 + y2

2(az2 + bz + c)2

)
C(r, z) (2.94)

.
Figure 2.25 shows this convolution for a �tted radius of gyration of Rg =
(0.85±0.05)µm. This should be compared to the predictions of the theory
explained in section 2.1.3. Using equations 2.16 and 2.21 we obtain, within
the random walk model Rg =

√
3

2 RCM . From the experimental result
obtained above RCM = (0.49± 0.11)µm we obtain

Rg(Random Walk) =

√
3

2
RCM = 0.42± 0.10µm (2.95)

which is far outside of the error of the experimental result for Rg. Using
equation 2.28, corresponding to the Kratky-Porod model, on the other
hand, we obtain

Rg(Kratky − Porod) =
√
Llp/3 = 0.59µm (2.96)

(with L=21 µm, lp=0.05 µm), which is closer to the measured value than
the value expected from a simple random walk model, but still too small.
Considering �nally the Zimm model for a good solvent, equation 2.50, we
obtain

Rg(Zimm model) = Rg = 0.203
kBT√
6ηD

= 0.81µm (2.97)
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(with T = 298 K, η = 8.9×10−4Pas, D = 0.47 µm2/s [43]). This is within
the error of the experimental result and strongly hints at the validity of
the Zimm model for a good solvent for tethered λ-phage DNA. The value
found should be compared to the value Rg ≈ 0.7µm for λ-phage DNA
in a bulk solvent [43, 69, 70]. It was stated previously that the radius of
gyration for end-grafted λ DNA in a good solvent should be similar to
Rg for a free chain [38].

Longest relaxation time of end-grafted DNA molecule
The relaxation times of the autocorrelation functions
〈xCM(0)xCM(t)〉, 〈yCM(0)yCM(t)〉 were determined by extracting the
center-of-mass positions xCM (t), yCM (t) of individual molecules, as
described above, from movies taken in the absence of shear �ow, calcu-
lating the corresponding autocorrelation functions, and averaging them
over 31 molecules. Figure 2.26 shows the autocorrelation function of
the center-of-mass movement of tethered DNA, in the absence of shear
�ow, in the x and y directions, respectively. Exponential �ts to these
data, weighted by their standard deviations, yield Ax=(1.34±0.04) s−1,
Ay=(1.18±0.04) s−1 for the exponential decay rates. Because, in the
absence of shear �ow, the movement in both directions is independent
and should give the same result, we obtain the longest relaxation time
from the average of these values:

τ = (0.79± 0.03) s (2.98)

Fourier analysis of the movement of a tethered DNA molecule
in the absence of shear �ow
In order to determine the spectrum of �uctuations of a tethered DNA
molecule in the absence of shear �ow Fast Fourier Transforms (FFT) were
calculated of the x and y components of the movement for 5 di�erent
molecules. The magnitudes of these 10 Fourier transforms were then
averaged and plotted on a double logarithmic scale. Figure 2.27 shows the
result of this procedure. In the low frequency range at frequencies smaller
than about 0.3Hz the spectrum does not show reliable data, because of
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Figure 2.26: Upper part: Average of the autocorrelation functions of the x component
of the center-of-mass positions of 31 DNA molecules. The error bars represent the
standard deviations of the individual autocorrelation functions of the 31 molecules.
Solid blue line: Exponential �t to the data weighted with the reciprocal of the error.
Fitted decay constant Ax = (1.34±0.04) s−1. Lower part: Average of the autocorrela-
tion functions of the y component of the center-of-mass movement of the same 31 DNA
molecules. Solid red line: Exponential �t to the data weighted with the reciprocal of
the error. Fitted decay constant Ay = (1.18±0.04) s−1
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insu�cient length of the movies. In the frequency range between about
1Hz and 6Hz an approximate power law is observed with an exponent of
-1.4. At still larger frequencies the spectrum levels o�. High frequency
�uctuations are therefore stronger than expected from such a power law.

10
−3

10
−2

10
−1

10
0

10
1

10
−3

10
−2

10
−1

Frequency [Hz]

FF
T

 a
m

pl
itu

de
 [

µm
]

Figure 2.27: Spectrum of �uctuations of tethered DNA molecules. Average over the
magnitude of the FFT of the movements of 5 di�erent molecules in the x and y
directions, respectively, that is over 10 FFT (compare the text). In the frequency
range ν = (1-6)Hz the autocorrelation follows an approximate power law with an
exponent -1.4, as indicated by the dashed red line.

2.3.2 End-grafted DNAMolecule under Oscillatory Shear Flow
The simple theory outlined in Section 2.2.5 predicts di�erent behavior
of the end-grafted DNA molecule in the low and high frequency ranges,
ωτ < 1 and ωτ > 1, respectively. Also the data analysis is somewhat
di�erent in both ranges, which are therefore discussed separately. In both
frequency ranges the DNA molecule oscillates around the grafted point
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in the y direction, in which the oscillatory shear is applied. In the x
direction, on the other hand, the �uctuations are essentially only caused
by Brownian motion as long as the extension of the chain by the shear
�ow is small.

Low frequency range (ωτ < 1): Fitting a sine function to the
movement of the center-of-mass position in the y direction
In order to get amplitude, phase, and frequency of the movement of the
DNA molecules, a sine function was �tted to all data for the movement
in the y direction: y = a sin(ωt + φ), where a is the amplitude(µm),
ω = 2πf , f is the frequency (Hz) of the oscillatory shear, t is the time
(s), and φ is the phase.
As an example Figure 2.28 shows the movement of the center-of-mass
position of a particular molecule in the x direction (upper part of the
�gure) and the movement of the center-of-mass position in the y direction
with an oscillatory shear applied (lower part of the �gure). Frequency
and amplitude of the applied shear were f = 0.04Hz and A = 109µm,
respectively, and the gap width was h = 19.4µm. The root mean square
(RMS) variation of the movement in the x direction

√
〈∆x2〉 = 0.44µm

and the RMS deviation of the movement in the y direction from the �t√
〈∆y2〉 = 0.40µm are close to each other, as expected, because both

correspond to Brownian movement. As expected from Figure 2.28 an
elongation of the trajectory of the molecule in the y direction appears
when yCM is plotted versus xCM (compare Figure 2.29).

Histogram of the movement of end-grafted DNA molecules
in the low-frequency range
In this range of frequencies the histogram of the center-of-mass position
in the direction of the shear shows two peaks corresponding to the
turn-around positions for the movement in the y direction, as expected
for a sinusoidal oscillation. In the x direction, on the other hand, the his-
togram still shows a Gaussian distribution, as in the absence of shear �ow
(compare Figure 2.30). The experimental conditions relevant for the data
shown in these histograms were f = 0.06Hz, A = 129µm, and h = 22.6µm.
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Figure 2.28: Upper part: Center-of-mass position of a particular DNA molecule as
a function of time in the x direction under oscillatory shear �ow in the y direction.
Root mean square (RMS) variation

√
〈∆x2〉 = 0.44µm. Lower part: Center-of-mass

position in the y direction and a sine �t to this movement. RMS deviation from the �t√
〈∆y2〉 = 0.40 µm. In this case the frequency of the applied shear was f = 0.04Hz and

its amplitude A = 109µm. The distance between the two surfaces was h = 19.4µm.
The duration of the measurement was 30 seconds.
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Figure 2.29: Elongation of the trajectory of a DNA molecule in the y direction after
applying an oscillatory shear in this direction. Shear amplitude 108µm, frequency
0.04Hz, gap width 19.4µm.

High-frequency range (ωτ > 1)
Figure 2.31 shows the movement of the center-of-mass position of a DNA
molecule in the x (upper part) and y (lower part) directions as a function
of time during 40 seconds. The applied frequency, amplitude, and distance
between the two surfaces were f = 4Hz, A = 47.7µm, and h = 28.2µm,
respectively, in this case. For movement in the y direction, i.e. the
direction of the applied shear, the amplitude of the sinusoidal component
of the movement of the DNA molecule is obviously not constant. This
behavior can be understood considering that the molecule, in addition to
the oscillation in the y direction and the Brownian movement in the x
and y directions, also moves to di�erent distances z from the surface and
therefore to di�erent shear rates due to the same Brownian movement.
Whereas this causes a variation in the amplitude of the oscillation for
applied shear of high frequency, it cannot be distinguished from Brownian
motion in the y direction for low drive frequencies.
Because of this statistical variation of the amplitude of the sinusoidal
component of the movement of the molecule it was not possible in this



2 Results and Discussion 60

−2 −1 0 1 2
0

60

120

180

Displacement (µm)

#

x direction

−2 0 2
0

50

100

150
y direction

Displacement (µm)

#

Figure 2.30: Histograms of the x (diagram on the left-hand side) and y (diagram on
the right-hand side) components of the center-of-mass positions for a particular DNA
molecule in the presence of low-frequency oscillatory shear �ow, frequency f = 0.06Hz,
amplitude A = 129.4µm, gap width h = 22.6µm. The histogram for the y position
shows two maxima, which is as expected for an oscillating molecule.

frequency range to simply �t a sine function to the center-of-mass position
in the y direction. Instead, a Fast Fourier Transform (FFT) was applied
to the data in this range of frequencies. Figure 2.32 shows the FFT of the
�uctuations of the x and y coordinates of the position of the molecule, as
shown in Figure 2.31. The magnitude of this FFT of the �uctuations in
the x direction just reproduces the spectrum already discussed in Figure
2.27. As expected, on the other hand, the FFT of the y coordinate of the
center-of-mass position exhibits a peak at the applied shear frequency
and the maximum of this peak may be used to measure the response of
the tethered DNA to the applied oscillatory shear.
For comparison the FFT method was also applied to data obtained
with drive frequencies in the low-frequency range (0.04-0.1)Hz. Figure
2.33 shows the amplitude obtained with the FFT method versus the
amplitudes obtained from the �ts to a sinusoidal function. A linear �t
y=ax+b to these data yields a = 0.97± 0.03, b = 0.04±0.04. Because
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Figure 2.31: Upper part: Center-of-mass position of a DNA molecule along the x-axis
under oscillatory shear �ow in the y direction. Lower part: Center-of-mass position
along the y-axis of the same molecule as a function of time during an observation
period of 40 seconds. f = 4Hz, A = 47.74µm and h = 28.21µm.

a is very close to unity and b is small, the graph justi�es the use of
both techniques to measure the response of a tethered DNA molecule to
oscillatory shear �ow.
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Figure 2.32: FFT of the center-of-mass position of a DNA molecule under oscillatory
shear �ow in the y direction (original data see Figure 2.31). Upper part: FFT of the
x component of the position. Lower part: FFT of the y component of the center-of-
mass position. The magnitude of the latter exhibits a peak at the drive frequency of
4Hz (experimental parameters: amplitude a = 0.29µm, f = 4Hz, A = 47.7µm, h =
28.2µm).
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Figure 2.33: Amplitude of the sinusoidal component of the movement of tethered
DNA molecules driven by oscillatory shear in the shear direction for drive frequencies
in the low and mid-frequency range (0.04-1)Hz. Ordinate: Values obtained from the
maximum of the absolute value of the FFT of the center-of-mass position at the drive
frequency. Abscissa: Value obtained from the amplitude of the �t to a sinusoidal
function. Solid line: Linear �t to the data, y=ax+b, a = 0.97± 0.03, b = 0.04±0.04.

Histogram of the movement of end-grafted DNA molecules
in the high-frequency range
In the high-frequency range the histogram of displacements of the
center-of-mass position of the molecule shows again an approximately
Gaussian shape like in the case of absence of shear �ow for most of
the analyzed molecules. In the y direction, however, the histogram is
broadened, whereas in the x direction there is no signi�cant change
compared to the case in the absence of shear �ow (see Figure 2.34). The
approximately Gaussian shape of the histogram for the y component of
the center-of-mass position is ascribed to the variation in the amplitude
of the sinusoidal movement (compare Figure 2.31), which in turn has
been ascribed above to Brownian motion in the direction z of the shear
gradient.
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Figure 2.34: Histogram of center-of-mass position for a DNA molecule in x and y
directions under oscillatory shear �ow. In x direction the histogram is similar to the
case of absence of shear �ow and in y direction the displacement is according to applied
shear �ow. This histogram was obtained with f = 3Hz, A = 48.7µm and h = 20.2µm
as applied frequency , amplitude and gap width respectively.

In very few cases and only for high frequency of the applied shear the
FFT of the movement of DNA molecules in the y direction showed a
component at twice the frequency of the applied oscillatory shear. In
these cases also a Fourier component at the applied drive frequency in
the movement along the x direction was observed (compare Figure 2.35).
The reason for these unexpected observations is currently unclear. The
occurrence of higher harmonics in the shear response of complex �uids
has been studied recently experimentally [71] and the appearance of even
harmonics in the response was ascribed to wall slip of the �uid, leading to
a sawtooth-like component in the movement of the �uid. Because higher
harmonics were observed only in exceptional cases and because Klein
et al. [71] generally observed much stronger harmonics of odd than of
even degrees, in contrast to what has been observed here, other possible
reasons have to be considered. One rather trivial possibility would be an
obstruction, possibly some debris, in the path of the movement of the



2 Results and Discussion 65

0 2 4 6 8 10 12
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Frequency (Hz)

|Y
(f

)| 
[µ

m
]

0 2 4 6 8 10 12
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Frequency (Hz)

|X
(f

)| 
[µ

m
]

Figure 2.35: FFT of the movement of the center-of-mass position of a DNA molecule
under oscillatory shear in the y direction. Upper part: y component. Lower part: x
component. experimental parameters are f = 3Hz, A = 48.7µm and h = 20.2µm as
applied frequency , amplitude and gap width respectively.

molecule, which may cause a non-sinusoidal component in the movement,
equivalent to higher harmonics, and a de�ection into the x direction at
the same time. Further study will, however, be required to resolve this
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issue.

Relaxation time of end-grafted DNA molecules under os-
cillatory shear �ow
As in the case of the absence of shear �ow the relaxation time has been
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Figure 2.36: Average over the autocorrelation function of the movement in the x
direction of 30 DNA molecules subjected to oscillatory shear in the y direction of
di�erent frequencies and amplitudes. A weighted exponential �t to the data yields a
relaxation time τ = (0.96±0.09) s

studied under oscillatory shear �ow in order to investigate a possible
in�uence of the shear on the molecular relaxation. This analysis was
carried out over the complete experimentally accessible frequency range.
In the x direction the relaxation time should be similar to the one in
the absence of shear �ow. It was determined in the same way as before
by calculating the autocorrelation function and �tting an exponential
function to it. As the movement in the x direction should be independent
of the applied shear, the autocorrelation functions of the movement of
30 molecules along x subjected to shear in the y direction with di�erent
amplitudes and frequencies were averaged before �tting. Figure 2.36
shows this averaged autocorrelation of the movement in the x direction
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with a weighted exponential �t. The di�erence of the resulting value for
the relaxation time τ = (0.96±0.09) s from the one in the absence of shear
�ow τ = (0.79±0.03) s is comparatively small and cannot be considered
signi�cant in view of the small number of molecules analyzed.
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Figure 2.37: Autocorrelation function of the movement of a tethered DNA molecule
in the direction of the applied oscillatory shear (blue crosses) and �tted function y =
aexp(− t

τ
)+(1−a)cos(ωt)) (red solid line). The frequency of the �t function was �xed

to the known frequency of the applied oscillatory shear, ν = 0.1Hz. Amplitude of the
moving lens A = 129.4µm, gap width h = 19.3µm. Because of the large amplitude of
the applied shear the expected exponential decay due to Brownian �uctuations is not
recognizable in the autocorrelation function. The reason for the apparent variation in
the frequency of oscillation of the autocorrelation function and the increasing deviation
from the drive frequency in this case is not known.

The normalized autocorrelation function was also calculated for move-
ment in the y direction. The appropriate �tting function then is a sum
of an exponential function describing the Brownian motion and a cosine
function y = a exp(− t

τ ) + (1− a) cos(ωt)) where a and τ are �t parame-
ters. It should be recalled in this context that a sinusoidal function yields
a cosine autocorrelation independent of the phase of the former function.
Because of the large amplitude of the applied shear in the low-frequency
range the expected exponential decay due to Brownian �uctuations is not
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recognizable in the autocorrelation function in this case (compare Figure
2.37). In the frequency range (2-6)Hz, on the other hand, (compare
Figure 2.38), the exponential decay of the autocorrelation function is
obvious, and the value of the relaxation time τ could be determined.
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Figure 2.38: Autocorrelation function of the center-of-mass movement of a DNA
molecule under applied shear in the direction of the applied shear ((blue crosses))
and �tted function y = a exp(− t

τ
) + b cos(ωt) with a + b = 1 (red solid line). In this

case f = 4Hz, A = 47.6µm, h = 28.2µm. Fit parameters τ = 0.53 s, a = 0.84

Figure 2.39 shows the relaxation times obtained in this way as a function
of the shear rate γ̇ = Aω

h . Although the scatter of the data is quite large,
a linear �t τ = τ0 + a γ̇ to the data, included in the graph, yields a =
(-0.002± 0.001) s2 and τ0 = (0.70± 0.04) s. The measured values therefore
extrapolate to a value close to the relaxation time τ0 = (0.79±0.03) s in
the absence of shear. The small slope is negative, which means that the
relaxation time becomes smaller with increasing oscillatory shear.
This result should be compared to the �ndings of Doyle et al. [13] for
the case of stationary shear. These authors reported an increase of the
relaxation time with the Weissenberg number, up to Wi ≈ 1, followed
by a decrease for Wi > 1. Here, the Weisenberg number Wi=γ̇τ was
calculated using the relaxation time τ in the absence of shear. Consid-
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Figure 2.39: Relaxation time of DNA molecule under oscillatory shear �ow as a func-
tion of the shear rate γ̇. The red line shows a linear �t τ = τ0 + a γ̇ to the data
with the �tted parameters τ0 = (0.70±0.04) s and a = (-0.002±0.001) s2. The slope
is negative and the measured values extrapolate approximately to the relaxation time
τ0 = (0.79±0.03) s in the absence of shear.

ering the value of τ = (0.79±0.03)µm almost all of the shear rates used
here correspond to Weissenberg numbers Wi >> 1. It has to be kept in
mind, of course that, for oscillatory shear �ow, the Weissenberg number
contains the maximum shear rate attained in the course of the cyclic
motion. Nevertheless the experimental conditions used here correspond
to the range Wi > 1 in reference [13] and therefore the slight decrease of
the relaxation time with the shear rate under these conditions coincides
with the observations of Doyle et al.

Amplitude as a function of frequency Figure 2.40 shows the
measured oscillatory amplitudes of the center-of-mass positions of teth-
ered λ-DNA molecules, normalized to the shear amplitude γ = A/h as
a function of dimensionless frequency ωτ on a logarithmic scale. The
amplitudes normalized to the shear are strongly peaked at ωτ ≈ 1 − 2.
This suggests some kind of resonant response, whereas the simple model
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Figure 2.40: Experimentally observed amplitudes of the center-of-mass positions of
tethered λ-DNA molecules under oscillatory shear �ow, normalized to the shear am-
plitude, as a function of dimensionless frequency ωτ .

laid out in Section 2.2.5 neglects the mass of the molecule and therefore
does not predict any resonance.
Before analyzing the experimental data an further the following result
of the bead-spring model of a tethered DNA molecule under oscillatory
shear should be noticed: Equation 2.87 may be rewritten as follows

ymax = zc
Wi√

1 + (ωτ)2
(2.99)

where the Weissenberg number for oscillatory shear �ow is de�ned using
the amplitude γ of the oscillatory shear, Wi =γωτ . Equation 2.99 implies
that, even within this simple model, the shear-induced elongation of the
molecule depends not only on the Weissenberg number, but, in addition,
there is an explicit dependence on the normalized frequency ωτ . This
result of the simple bead-spring model is unequivocally con�rmed by
experiment, if the two graphs in Figure 2.41 are compared: whereas
the graph on the left-hand side, where only the Weissenberg number is



2 Results and Discussion 71

0 50 100 150
0

0.5

1

1.5

2

2.5

Wi

A
m

pl
itu

de
 [

µm
]

0 50 100 150 200
0

0.5

1

1.5

2

2.5

3

Wi

A
m

pl
itu

de
 [

µm
]

 

 
0.25 Hz
0.4 Hz
1 Hz
2 Hz
2.5 Hz
4 Hz
6 Hz

Figure 2.41: Graph on the left-hand side: Experimentally observed amplitudes of the
center-of-mass positions of tethered λ-DNA molecules under oscillatory shear �ow as
a function of the Weissenberg number, in the frequency range ν ≥ 0.25Hz. A large
scatter of the data indicates that the dependence of the amplitude on the Weissenberg
number is incomplete. Graph on the right-hand side: Experimentally observed ampli-
tude of the center-of-mass positions as a function of the Weissenberg number with the
frequency ν as an additional parameter (same experimental results as in the graph on
the left-hand side). The frequencies are given in the legend. A clear correlation with
this additional parameter is observed.

taken into account as an independent variable, shows a large scatter of
the data, the graph on the right-hand side clearly demonstrates that
there is an additional systematic dependence on the frequency ν, and,
hence, on the normalized frequency ωτ . This is di�erent from the case of
steady shear (compare [13]), where in the rheological theory applicable
to constant stretch history �ows only the Weissenberg number is relevant
[72]. Figure 2.41 contains experimental data for the frequency range
ν ≥ 0.25Hz. In the low-frequency range such a correlation is not
observed (compare Figure 2.42 below), as expected from Equation 2.87.
Data for the low-frequency range were therefore not plotted in Figure 2.41.
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Calculation of zc - the distance between the DNA molecule and
the substrate surface in the grafted point
According to the model and using equation 2.87, the amplitude of the
sinusoidal component of the movement of the DNA molecule in the
direction of the applied shear

ymax = zcγ
ωτ√

1 + (ωτ)2
(2.100)

can be approximated in the low and high-frequency ranges as follows

ymax = zcWi ωτ << 1 (2.101)

ymax = zcγ ωτ >> 1 (2.102)
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Figure 2.42: Amplitude of the movement of tethered DNA molecules under applied
shear versus the Weissenberg number Wi in the frequency range (0.04-0.1)Hz. The
slope of the linear �t represents the value of zc for ωτ << 1 and is given by zc =
(0.52± 0.04)µm.

The amplitude of movement ymax should therefore be proportional to
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Figure 2.43: Amplitude of the movement of tethered DNA molecules versus maximum
applied strain within the frequency range (0.4-6)Hz. The slope of the linear �t presents
the value of zc within this frequency range and is given by zc = 0.26±0.01µm for
ωτ >> 1.

the Weissenberg number for ωτ << 1 and proportional to the shear
strain in the case of ωτ >> 1, in both cases with zc as the constant
of proportionality. Here, the Weissenberg number is de�ned using the
amplitude γ of the oscillatory shear, whereas the usual de�nition implies
a constant shear.
The experimental data were plotted for these two di�erent ranges as
a function of Weissenberg number and the shear strain, respectively,
and zc was extracted from the slopes of the linear �ts to the data
(see Figures 2.42 and 2.43). Values for zc obtained in this way are
zc = (0.52 ± 0.04)µm for ωτ << 1 and (0.26 ± 0.01)µm for ωτ >> 1.
The discrepancy of more than a factor of two between the two numbers
indicates that the value of zc determined in this way is not a constant
parameter and therefore the simple model is not complete.

Normalized amplitude as a function of normalized frequency
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In order to facilitate comparison of the experimental data with the simple
bead-spring model outlined in 2.2.5, the amplitude was normalized to the
product of shear amplitude γ = A/h and the distance zc between the
polymer coil and the wall. Equation 2.87 obviously predicts a dependence
of the normalized amplitude only on the normalized frequency according
to

ymax
γzc

=
ωτ√

1 + (ωτ)2
(2.103)
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Figure 2.44: Deterministic amplitude a of the center-of-mass displacement of a DNA
molecule in an oscillatory shear �ow, normalized to the product of shear amplitude
γ = A/h and the distance between the polymer coil and wall zc (normalized amplitude
= ah/Azc), as a function of the dimensionless frequency ωτ . The full line is the
prediction of the harmonic bead-spring model, Equation 2.87.
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Figure 2.44 therefore shows the amplitude of the deterministic part of
the center-of-mass displacement of 66 tethered DNA molecules under
oscillatory shear �ow, after this normalization, as a function of the
normalized frequency ωτ on a logarithmic scale. The values used for zc
in this plot are the ones obtained above: zc = 0.52µm for ωτ ≤ 0.5 and
zc = 0.26µm for ωτ ≥ 2. For ν = 0.25Hz, representing the intermediate
range (ωτ = 1.24) the average of both values zc = 0.39µm was used.
In Figure 2.44 all experimental data obtained at the same frequency
were averaged, and the error bars indicate the standard deviations of
the data from the mean. At low frequencies ωτ < 0.5 the amplitude
follows the prediction of the bead-spring model (compare Figure 2.21).
At frequencies 0.5 < ωτ < 10, however, the experimental results deviate
from the simple model with the strongest deviation around ωτ = 2, where
the normalized amplitude is more than two times larger than expected
from the model. At high frequencies ωτ > 10 the observed normalized
amplitudes are smaller than those predicted by the bead spring model.
The reason for this response of tethered DNA molecules under shear
�ow, which has apparently not been observed previously, is currently not
known and will have to be explored in using more sophisticated models
than the the one outlined in Section 2.2.5. An enhanced response of the
polymer in a certain range of frequencies, however, should be related
either to the internal energy landscape or to the dynamical response
function of the molecule. This should be of considerable interest for
further theoretical investigations. In this context, it is important to note
that the largest extensions observed under oscillatory shear �ow, about
2.25µm, correspond to only about 10% of the contour length. Even
considering that the measured quantity is the center-of-mass position and
not the end-to-end distance, which will be a factor of about 4-5 larger
(compare Equations 2.17 and 2.21), the present experiments correspond
to the range of "entropic elasticity" observed in the single molecule
stretching experiments of Smith et al. [14] for forces smaller than 5 pN
(compare the discussion in the context of Figure 4.1 in Chapter 4).
Therefore the dynamical response function of the molecule, rather than
the conservative energy landscape, appears to be more relevant in the
present context. It has to be kept in mind, of course, that the present
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experiments have been carried out on DNA molecules intercalated with
YOYO dye, whereas the single molecule stretching experiments just men-
tioned were performed using unlabeled DNA molecules. The mechanical
response of YOYO-labeled DNA molecules may be signi�cantly di�erent
from that of unlabeled molecules. This issue was addressed in an optical
tweezer single molecule stretching experiment [73], and it was found that
λ-DNA intercalated with YOYO indeed exhibited a force extension curve
drastically di�erent from that of unlabeled λ-DNA. In particular the
plateau at around 65 pN and the sudden rise of the force necessary to
stretch the molecule to more than about 15µm, both typical for λ-DNA
(compare Chapter 4), was not observed. This inhibition of the plateau
by intercalating molecules had been observed previously in reference [29].
The range of forces smaller than 5 pN, with an approximately linear
force extension curve, however, was found in reference [73] to extend to
signi�cantly larger elongations than for the unlabeled molecule (compare
Figure 2.45 reproduced from [73]). This strongly supports the suggestion
discussed above that conservative monomer interactions should not be
relevant for the explanation of the strong enhancement of the normalized
amplitude observed in this thesis.
It was noticed only after the data analysis had been performed and the
thesis had been completed that in a recent thesis [74] Galuschko simulated
the behavior of a tethered polymer under oscillatory shear �ow using
molecular dynamics simulations. He found a response of the polymer to
the oscillatory shear, which is quite similar to the data shown in Figure
2.44 (compare Figure 6.23 of Galuschko's thesis). In particular, plotting
the magnitude of the Fourier transform of the center-of-mass position at
the driving frequency over dimensionless frequency, he obtained a linear
frequency dependence for this variable at low frequencies, as predicted
by the bead spring model, albeit with a di�erent prefactor. Moreover, in
the frequency range 1< ωτ < 30, he found an enhancement of a factor
of two over the predictions of the bead spring model. At even higher
frequencies the Fourier magnitude is smaller in his results than the values
of the simple model. While the results of this simulation are quite similar
to the present experimental results, several issues have to be taken into
account. First of all, the simulation predicts an increase of zc with
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frequency, in contrast to the present experiment. Only by normalizing to
this increasing value of zc, obtained from the center-of-mass coordinate
in the z direction, the results just discussed were obtained. Furthermore,
the simulation concerned a rather short chain of 30 monomers (each
representing 3-5 hydrocarbons in a coarse graining sense) and the liquid
was modeled by particles, which experience a repulsive interaction with
the wall, such that slip of the liquid at the wall occurs. Therefore, the
close agreement between these simulations and the present �ndings might
be fortuitous and will have to be discussed.

Figure 2.45: Force extension curves for single λ-DNA molecules and λ-DNA molecules
complexed with various molecules, for example YOYO-1. The force-extension curves
were obtained with an optical tweezer set-up (reproduced from [73]).

Phase shift as a function of frequency
The phase shift of the DNA molecule relative to the sinusoidal movement
of the upper surface is predicted by the bead spring model via Equation
2.88 (compare Figure 2.20). The model predicts that the maximum phase
shift occurs for ω → 0, and there is zero phase shift between the molecule
and the upper surface at high frequencies. In order to be able to measure
the phase shift, the microscope was focused to the surface of the moving
lens, such that defects or debris on the surface of the lens allowed to
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record its sinusoidal movement.
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Figure 2.46: Phase shift of the center-of-mass displacement of a DNA molecule in shear
direction with respect to the displacement of the lens. The error bars represent the
variation between di�erent molecules. The full line is the prediction of the harmonic
bead-spring model Eq:2.88

This was done for each movie after the recording of the �uorescence
of the tethered DNA molecules under the sinusoidal shear and without
interrupting the data acquisition. Figure 2.46 shows the phase shift as
a function of ωτ . The measured phase follows the expected behavior at
low frequencies, but appears to deviate from the simple model at higher
frequencies. The measurement of the phase shift was not possible at high
frequencies, although the Nyquist sampling theorem was satis�ed. This
is due to the fact that the amplitude of the lens movement is about 100
times larger than the change in the center-of-mass position of a DNA
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molecules. A defect or particle on the lens therefore is blurred over many
pixels, with a corresponding decrease in the intensity of the image, and
therefore its movement cannot be followed.

Total �uorescence intensity of DNA molecules under shear
�ow
The total �uorescence intensity was also obtained for every individual
DNA molecule. The FFT of these data exhibit a peak at twice the drive
frequency. This result is, however, rather obvious, because in every cycle
of oscillation the molecule passes the grafted point two times. Because
the microscope is focused to this point, the intensity of the image attains
its maximum there.
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2.4 Summary and Outlook
The movement of individual tethered λ-DNA molecules has been stud-
ied in the absence and in the presence of oscillatory shear �ow using
time-dependent �uorescence microscopy. In the absence of shear �ow
a root mean square �uctuation of the center-of-mass position of the
molecules of RCM = (0.49±0.11)µm was observed, which is smaller than
the value expected from the Kratky-Porod model of a semi-�exible poly-
mer. From the observed �uorescence intensity distribution, averaged over
the azimuthal degree of freedom and over time, a radius of gyration
Rg = (0.85± 0.05)µm was obtained by comparison with the convolution
of the monomer concentration near an impenetrable wall, as calculated
for a Gaussian chain, with the point spread function of the optical sys-
tem. This value was found to be in close agreement with the Zimm model
for a free polymer in a good solvent. This model takes hydrodynamic
interactions between the monomers into account within a pre-averaging
approximation. For the same kind of solvent excluded volume interactions
are expected to be strong. The agreement of the Zimm model with the
measured radius of gyration in the absence of shear strongly hints at the
importance of hydrodynamic interactions. The experimentally observed
value of Rg is also close to �ndings in the literature for Rg of λ-phage DNA
in a bulk solvent. From the autocorrelation functions of the movement of
individual DNA molecules the longest relaxation time of end-grafted DNA
molecules was determined to be τ = (0.79±0.03) s. In the frequency range
between about 1Hz and 6Hz an approximate power law is observed for
the frequency dependence of the �uctuations of the DNA molecules with
an exponent of -1.4. At still larger frequencies the spectrum levels o�, cor-
responding to �uctuations larger than expected from this empirical power
law. An explanation for the observed approximate power law by some
kind of theory is currently not known, but, on the other hand, the fre-
quency range where this empirical power law is valid, is also very limited.
For DNA molecules under oscillatory shear �ow the �uctuations perpen-
dicular to the shear were investigated via the corresponding autocorrela-
tion function. The value for the relaxation time determined from these
autocorrelation functions, averaged over all experimentally accessible val-
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ues of shear rate and shear frequency, was found to deviate only slightly
from the value in the absence of shear. The values for the relaxation time
obtained from the autocorrelation function of the movement of the DNA
molecules in the direction of the shear, on the other hand, were found (a)
to extrapolate to a value close to the relaxation time τ0 = (0.79 ±0.03) s
in the absence of shear and (b) to slightly decrease with shear.
The distance of the grafting point of the DNA molecules from the wall
was obtained by comparing the amplitude of the DNA movement in the
driven direction with the predictions of the bead spring model for the low
and high-frequency ranges, respectively. The values for zc obtained in this
way were zc = (0.52 ± 0.04)µm for ωτ << 1 and zc = (0.26 ± 0.01)µm
for ωτ >> 1. The discrepancy between the two numbers was attributed
to a de�ciency of the bead spring model. It has been pointed out in this
thesis that in the case of oscillatory shear, even in a simple bead spring
model, the Weissenberg number is not the only relevant dimensionless pa-
rameter, but that there is an explicit dependence on the dimensionless
product ωτ as well (compare Equation 2.99). This dimensionless number
can be identi�ed, apart from a constant factor, with the Deborah num-
ber well-known in the rheology of non-Newtonian �uids [75, 76, 77]. The
observed amplitudes of tethered DNA molecules in oscillatory shear were
normalized to the shear and to the observed non-constant values of zc.
These normalized amplitudes were then plotted as a function of the di-
mensionless parameter ωτ , because they are predicted by the simple bead
spring model to depend only on this parameter alone. At frequencies
0.5 < ωτ the normalized amplitudes deviate from the simple bead spring
model with the strongest deviation occurring around ωτ = 2, where the
normalized amplitude is more than two times larger than expected from
the model. This result appears to correspond to some internal degree of
freedom of the polymer and this issue will now have to be explored the-
oretically in detail. At the highest experimentally accessible frequencies,
corresponding to 10 < ωτ < 30, the observed values of the normalized
amplitude become smaller than those predicted by the bead spring model.
It has further been noticed here that the present experiments correspond
to the range of "entropic elasticity" observed in the single molecule stretch-
ing experiments of Smith et al. [14] for forces smaller than 5 pN. This even
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more so applies to λ-DNA intercalated with YOYO-1 dye, as can be seen
from the optical tweezer experiments described in reference [73]. Nonlin-
earity of conservative monomer interactions therefore appears not to be a
relevant factor in the physics underlying the experimental results shown
in Figure 2.44. An alternative, physically much more reasonable scenario
relates to the intrinsic nonlinearity of hydrodynamic interactions between
the polymer segments (compare also Chapter 3). In this context it may
be of interest to note that the hydrodynamic interaction is of nonlinear
nature even in the limit of low Reynolds numbers [78]. Moreover, it was
concluded by the same authors [78] that "the interplay of the shear gradi-
ent with the nonlinear behavior of the hydrodynamic interaction among
the spheres causes in a large range of parameters a bifurcation to a sur-
prising oscillatory bead motion". This might be related to the present
observations of a resonant enhancement of the amplitude of tethered DNA
molecules to oscillatory shear in the frequency range 0.5 < ωτ < 20. Fur-
ther theoretical work will be required to clarify this issue.
In addition to theoretical analysis further experiments are also desirable
to explore in more detail the outcome of the present study. In order to
investigate the dependence of the experimental parameters on hydrody-
namic interactions experiments should be repeated at di�erent viscosities
and di�erent lengths of DNA. Extended observation times would also be
highly desirable. These can be achieved using an anti-bleach agent in
order to prevent bleaching of the intercalated YOYO dye. In this case,
however, careful comparison between the dynamics of DNA molecules in
the presence and absence of such an anti-bleach agent will be necessary.



Chapter 3

Micro-channel Device for the Study of
Hydrodynamic Interactions of
Individual DNA Molecules

3.1 Introduction
Hydrodynamic interactions are important, for example, for the motion of
neighboring bacteria or blood cells in a micro-�uidic �ow, synchroniza-
tion e�ects between cilia, or coupling between particles in optical vortices
[78]. Hydrodynamic interactions between the monomers of a polymer,
in particular, have been discussed above in Section 2.1.4 by introducing
the Zimm model. The Oseen mobility tensor is often used to describe
such interactions and is valid for large distance between the interacting
particles. A more sophisticated theory, applicable also for particles close
to each other, was laid out by Rotne and Prager [79], but was not dis-
cussed above. It is clear that similar hydrodynamic interactions also ex-
ist between two di�erent DNA molecules, if they are su�ciently close to
each other. Such intermolecular hydrodynamic interactions of end-grafted
molecules are important, for example, in order to understand the �ow in
the vicinity of molecular brushes.
In this chapter an attempt for measuring hydrodynamic interactions be-
tween two (or more) isolated end-grafted DNA molecules under steady
shear �ow will be described. The goal was to prepare a well-de�ned sys-
tem involving single molecules at controlled intermolecular distance and
in a shear �ow of controlled rate and to study hydrodynamic interactions

83
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in this system by registering the movements of the two molecules using
�uorescence microscopy with a fast CCD camera.
In order to prepare isolated end-grafted molecules with well-de�ned dis-
tance between them two methods have been tried: surface patterning
using latex beads and surface patterning using electron beam lithogra-
phy. In order to apply shear �ow to the end-grafted molecules, bu�er was
injected by a syringe pump into micro-channels which were mounted on
top of patterned surfaces with DNA end-grafted to the patterns (compare
Figure 3.1). In the following the procedures used for surface patterning
and construction of the PDMS micro-channels will be described [80].

Figure 3.1: Set-up of the experiment. It consists of a syringe pump which injects bu�er
through a PDMS micro-channel in order to apply steady shear �ow to DNA molecules
with one end grafted to a gold- patterned substrate.
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3.2 Materials and Methods
3.2.1 Preparation of Triangle Gold Patterns Using Latex

Beads
A monolayer of latex beads on a glass substrate forms a close-packed
array. This ordering starts when the thickness of the water layer between
the particles approaches the diameter of the particles [81]. Attractive
capillary forces due to the menisci between neighbouring particles form
a crystalline nucleus. Later on, convective transport of further particles
towards the nucleus is controlled by the evaporation rate of the liquid
[82]. In this way the two-dimensional crystal is growing. The free spaces
between the beads have a triangular shape. By evaporating gold onto
this two-dimensional crystal of the beads and later removing the beads a
triangular gold pattern remains on the substrate, whose size depends on
the diameter of the latex beads. Because modi�ed DNA molecules with
a thiol group at one end bind to the gold substrate covalently, such DNA
molecules can be end-grafted to the gold patterns in this way. Figure 3.2
demonstrates this scheme.

Figure 3.2: Schematic view of the triangular gold pattern (yellow triangles) on the
glass substrate obtained by evaporating gold on an ordered monolayer of latex beads
(white disks). DNA molecules (green circles) are grafted to the gold pattern.



3 Materials and Methods 86

Detailed Steps for Surface Preparation

Cleaning the glass substrate
The glass substrates (A.2.1) were treated separately in acetone and then
several times in water in an ultrasonic bath for 5 minutes each. After
that the substrates were put in a solution of EtOH + NaOH (1:9) by
weight (A.2.2, A.2.3). They were then rinsed with water and dried with
nitrogen. The dry substrates were cleaned in a plasma cleaner for 1-2
minutes, which produces a clean and hydrophilic surface and leaves OH−
groups on the substrate [83]. Therefore, the contact angle for an aqueous
solution on this surface is close to zero [82].

Latex bead deposition
Latex beads of 0.920µm diameter (A.2.4) were diluted in water [84]. A
30µl droplet of the solution was deposited on the clean glass substrate.
The cover slip was tilted by about 10

◦ − 15
◦ in order to produce a weak

force on the beads. By this way crystallization starts from the upper edge
of the droplet and grows downwards. This aids in generating well-ordered
monolayers. The substrate was covered by a box in order to protect it
from air �ow. The sample was allowed to dry overnight. This step usually
took about 10 hours.

Evaporation of gold onto the monolayer of latex beads
After deposition of a thin layer of titanium, thickness 2 nm, as an adhesion
layer a 10 nm gold (A.2.16) layer was evaporated onto the cover slip.
The pressure in the evaporation chamber during evaporation was around
3× 10−6 mbar.

Removal of the latex beads
The substrates were placed in the water in an ultrasonic bath for 10-20
minutes until the latex beads were completely removed from the surface,
leaving only the triangular gold pattern on the glass.
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3.2.2 Preparation of Gold Patterns Using Electron Beam
Lithography (EBL)

Another method for producing gold patterns is Electron Beam Lithog-
raphy (EBL). In this case patterned thin �lms of gold are produced by
coating the substrate with a radiation-sensitive resist, placing it in the
vacuum chamber of a scanning-beam electron microscope, and exposing it
to the focused electron beam, whose position is controlled by a computer.
After exposure, the substrate is removed from the vacuum chamber for
development of the irradiated resist and the metal is deposited on the
substrate with the remaining resist pattern. In contrast to the method
described above employing latex beads EBL allows to produce gold
patches of arbitrary shapes and sizes and to precisely de�ne the distance
between two (or more) isolated molecules (compare Figure 3.3). The
individual steps in the preparation will now be described in more detail.

Figure 3.3: Scheme of patterning of a thin �lm of gold (yellow disks) deposited on
a glass substrate using electron beam lithography. DNA molecules (green color) are
shown end-grafted to the gold patches.

Spin coating photoresist on the glass substrate
The glass substrate was cleaned as discussed above (Cleaning the glass
substrate). Poly(methylmethacrylate) (PMMA) (A.2.5) is a high res-
olution positive resist commonly used for EBL. Before spin coating
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PMMA onto the substrate a layer of methyl methacrylate/methacrylic
acid copolymer (MMA/MAA) (A.2.6) is deposited on the glass by
spin-coating. It a�ords excellent lift o� because of its high irradiation
sensitivity compared to the low sensitivity of PMMA. The protocol of
spin-coating MMA/MAA and PMMA on the glass substrate is as follows:
Spin-coating MMA/MAA:
400 rpm for 4.5 s and then 2500 rpm for 90 s. The sample was then put
on a hot plate for 90 s at 115 ◦C.
Spin-coating PMMA:
400 rpm for 4.5 s. and then 5000 rpm for 90 s. The glass substrate with
the coating remains in the oven for 30 minutes at 170 ◦C.
In this way MMA/MAA produces a layer with thickness around 400 nm
which acts as a spacer between photoresist (PMMA) and the substrate.
The PMMA thickness is 120-140 nm.

Aluminum evaporation
Because electrons are charged particles, the substrate can become neg-
atively charged unless the electrons have access to ground. In order to
avoid charging e�ects during lithography in an electron beam microscope
it is therefore necessary to evaporate aluminum on the spin-coated resist.
The thickness of the evaporated aluminum �lm was around 10 nm.

Electron beam lithography
EBL lithography was performed with a Zeiss 1540XB electron microscope.
The acceleration voltage of the electron beam microscope was 10 kV. The
beam current was 280 pA. The step size of the beam was 9.6 nm, and the
electron beam dose was 250 nC/(cm)2.

Patterns produced by EBL
On every sample dimers of gold disks with di�erent diameters (1, 2, 3, 4,
5µm) were created in order to bind di�erent numbers of DNA molecules.
Patterns with di�erent sizes are shown in Figure 3.4. Dumbbell-shaped
patterns were also produced.
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Figure 3.4: Dimeric gold patterns of di�erent sizes produced by electron beam lithog-
raphy. Images on the left-hand side: disk patterns with 1, 2, 3, 4, 5µm in diameter
from top to bottom). Images on the right-hand side: corresponding dumbbell-shaped
patterns with disks with 1, 2, 3, 4, 5µm in diameter)

Removal of the aluminum layer and development of the pho-
toresist
After lithography the evaporated aluminum layer was removed by placing
the sample in a KOH (A.2.7) solution for 30 seconds. For development
of the photoresist PMMA and copolymer MMA/MAA the substrate
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was placed in a solution of methyl isobutyl ketone (MIBK)(A.2.8) and
isopropanol (IPA)(A.2.9) (1:3) for 25-30 seconds. MIBK removes the
photoresist (PMMA) etched by the electron beam and IPA removes
MMA/MAA underneath. In this way the desired pattern is formed in the
photoresist layer.

Gold evaporation
2 nm titanium as an adhesion layer and 10 nm Gold was evaporated onto
the sample. The gold thereby covers the substrate where the developer
has removed the electron beam irradiated portions of the layer.

Lift-o� of the photoresist
To remove the resist the sample was put in acetone and an ultrasonic
bath for 7 minutes.

Plasma cleaning to activate the gold surfaces
Plasma cleaning was used to reactivate the gold surface for incubation of
DNA.

3.2.3 Preparation of Micro-Channels
This is a protocol to obtain a micro-channel with 500µm width, 100µm
height and 3 cm length using polydimethylsilane (PDMS). The lami-
nar �ow pro�le in this channel is parabolic, but the DNA molecule is
end-grafted to the surface and its size in coiled shape is small (around
1µm) compared to the height of the channel. Therefore, the molecule
experiences a linear shear �ow gradient when steady �ow is applied to
the micro-channel.

Fabricating a mold for the preparation of a PDMS micro-
channel
A silicon wafer (A.2.10) was rinsed with isopropanol and dried at 200 ◦C
for 10 minutes. Negative photoresist SU-8-100 (A.2.11) was then spin-
coated on the wafer (ramp to 500 rpm for 5 s, hold for 10 s, ramp to
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2000 rpm for 5 s, hold for 45 s). By this way a layer of thickness about
100µm of photoresist was obtained. The following step consisted in a soft
bake for 10 minutes at 65 ◦C and 45 minutes at 95 ◦C. A photomask was
then aligned on top of the silicon wafer. This mask (A.2.12) contains a
0.5×30 mm2 pattern with two circles at each side (used later for coupling
inlet and outlet tubes to the micro-channel). The wafer was exposed 4
times for 15 seconds each with 1 minute interruption to irradiation from
a UV lamp at 15 mW/cm2. Overexposure will increase the width of the
pattern. A post-exposure bake then follows for 1 minute at 65 ◦C and
10 minutes at 95 ◦C. The photoresist was developed in SU-8 developer
(A.2.13) for no more than 10 minutes. The sample was then rinsed with
isopropanol and dried with nitrogen.

Preparation of the PDMS micro-channel
PDMS silicon elastomer and silicon elastomer curing agent(10:1)(A.2.14)
were mixed together until bubbles were observed. The mixture was then
poured on the prepared mold which was placed in a petri dish. The
resulting thickness of the mixture on the mold is about 0.5 cm. The
mixture was then degassed with a vacuum pump for 30 minutes and the
sample was put in an oven at 70 ◦C for 4-5 h and hardened in this way.
A piece of PDMS containing the micro-channel was cut from the PDMS
layer and removed from the silicon wafer (Figure 3.5). To stick PDMS to
the glass substrate with the gold patterns the substrate was cleaned by a
plasma cleaner. After sticking the micro-channel to the glass substrate,
two holes were produced at both sides of the micro-channel as inlet and
outlet of the channel using a syringe needle. Two 300µm inner diameter
te�on tubes (A.2.15) were then installed and �xed with a glue as inlet
and outlet of the micro-channel. The structure with the micro-channel
mounted on the sample is shown schematically in Figure 3.6.

Incubation with DNA
The method used to modify the DNA with a thiol molecule at one end has
been explained above in Section 2.2. After mounting the micro-channel
on the glass substrate with the gold patterns, DNA molecules in bu�er
at a concentration of around 0.5 ng/µl were injected carefully through
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Figure 3.5: Removal of the PDMS containing the micro-channel from the silicon wafer
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Figure 3.6: PDMS Micro-channel mounted on substrate. Inlet and outlet tubes are
installed.

the connecting tube into the micro-channel and after 5-10 minutes it was
rinsed several times with TBE bu�er.

3.3 Results and Discussion
Gold patterning using latex beads
The number of DNA molecules binding to the triangular gold islands de-
pends on the size of the gold pattern and therefore on the size of the latex
beads used. If the latex beads are small, the triangles are small, but also
close to each other. If they are bigger, the islands are better separated,
but, on the other hand, many DNA molecules bind to the surface on each
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one of the islands. An example is shown in Figure 3.7. The large vari-
ation in �uorescence intensities of the molecules is due to the Brownian
movement of the molecules during capture of the image. In the case of
the example shown the DNA concentration was apparently too high and
many triangles were occupied by more than one DNA molecule. Because
of the problem of choosing a suitable concentration for each pattern and
because the general problem with this technique that the distance between
individual molecules cannot be controlled independent of the area of the
triangles it was concluded at this point to use gold patterns generated
by electron beam lithography instead. The results obtained with these
patterns will now be discussed.

1 mm

Figure 3.7: End-grafted DNA on gold patterned surface after removal of the latex
beads.

DNA on gold patterns created via electron beam lithography
Figure 3.8 shows some examples for the results obtained. Molecules bind
to the larger gold islands with diameters ≈ 3-5µm in large numbers. This
is not suitable for the intended study of hydrodynamic interactions of in-
dividual dimers of DNA molecules (compare Figure 3.8b,c). For smaller
patterns with diameters between 1 and 2µm it happens only rarely to
have exactly one molecule on each pattern. Sometimes several molecules
are gathering on one spot and sometimes no molecule can be found on the
whole sample.
Figure 3.8a shows an example where a single occupation of two neigh-
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boring gold islands was achieved. In many other cases, however, the at-
tempts turned out unsuccessful, probably due to minor contaminations
of the gold patterns by residual photoresist. Considering the complica-
tions arising with the method, especially the low yield of dimers of singly
occupied dots, and the considerable time required for the preparation of
each patterned sample this method was not used for further experiments
in this thesis. Moreover, the correct installation of micro-channels in the
micrometer size range on the golden pattern, which is not very well seen
by eyes, turned out to be another severe problem, although marking the
area of the pattern using a microscope and then sticking the micro-channel
to it facilitates the procedure somewhat.
The study of hydrodynamic interactions of individual DNA molecules
tethered to gold island dimers using a fast CCD camera still appears to
be a very interesting experiment, which will have to be carried out along
the lines of the work in the previous chapter. It turned out, however,
that such a study was not feasible within time frame for a single doc-
toral thesis. The present work, however, has laid the ground for the study
of hydrodynamic interactions of individual tethered DNA molecules as a
function of the distance between the tethering points and of the shear
rate in steady shear �ows, as well as of shear, shear rate, and frequency
in oscillatory shear �ows. In this case, for example, the auto and cross
correlation functions of the center-of-mass positions of the two molecules
may be studied. In a shear �ow the autocorrelation will be a function also
of the orientation of the line connecting the tethering molecules relative
to the shear direction. In order to prevent overlap of the �uorescent im-
ages of the molecules the distance between them must be chosen larger
than the expected excursions due to Brownian motion or due to the shear,
respectively. A negative autocorrelation function is expected due to the
negative charge on the DNA molecules and due to the excluded volume
interaction. Positive contributions may arise from hydrodynamics (com-
pare the Bernoulli e�ect). As discussed above, nonlinear response to an
applied shear is expected in the interaction, that means also in the cross
correlation function. Because of the large number of experimental param-
eters the case of steady shear �ows will have to be preferentially studied.
This cannot be done with the set-up described in the chapter 2, but must
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be pursued with the micro-�uidic device just described. A possible non-
linear response are bifurcations to oscillatory behavior of a DNA dimer in
steady shear (compare [78]).
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Figure 3.8: Gold patterns produced by EBL and incubated with DNA. (a) 1µm gold
islands: the �uorescence pattern within the marked rectangles shows 1 DNA on each
gold disk (b) Disk patterns with 3µm diameter and (c) Disk patterns with 5µm
diameter. The latter show many DNA molecules grafted to each patch.



Chapter 4

Force Measurement of Stretched DNA
Films: Study of Overstretched DNA

4.1 Introduction
The existence of an overstretched state of DNA had been postulated
already by Wilkins et al. [11]. Only much later, however, the force-
displacement response of a single double-stranded DNA molecule was in-
vestigated by Smith et al.[14] in a study involving optical tweezers and by
Cluzel et al. [29] in another study employing micro-pipettes. As shown
in Figure 4.1, reproduced from reference [14], a force of about 2 to 3 pN
stretches the λ-DNA molecule in these experiments to 90% of its relaxed
contour length L = 16.5µm (90%, corresponding to around 15µm). This
response is due to the entropic elasticity of dsDNA [85]. The force then
rises quickly until the λ-DNA molecule is stretched to its full length (about
16µm). The dashed line in Figure 4.1 represents the theoretical prediction
for this part of the force-extension curve based on a model of a worm-like
chain (WLC) in the case of having salt concentration higher than 10−3

mM [24]. The WLC model considers a polymer that consists of n Kuhn
statistical segments (bk = 〈R2〉

Rmax
, where Rmax is the maximum length of the

end-to-end vector.). It takes into account the bending rigidity and elec-
trostatic interaction between DNA double helix segments. For even larger
extensions of the chain the molecule stretches at an almost constant force
of about 65 pN (plateau on the curve) to about 170% of the contour length,
before rupture occurs. The authors proposed two di�erent models to ex-

97
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plain the observed plateau: (a) unwinding of the helix and formation of
a parallel ladder and (b) melting of the ds-DNA. They observed a strong
hysteresis and dependence on the stretching rate. The DNA base pair
stability depends on various parameters, like DNA sequences, salt con-
centration, and temperature. For example, A-T base pairs rupture earlier
than C-G base pairs. The melting hysteresis shown in Figure 4.1 disap-
pears with increasing salt concentration and decreasing temperature.
Up to the present day there is considerable controversy about the nature
of the overstretched state of DNA (compare [25, 26, 27, 28] and refer-
ences therein). The 65 pN plateau has been interpreted as a cooperative
transition from the B form to a new con�guration called S-DNA [29]. Sim-
ulations [86] suggested that there should be two possible con�gurations of
DNA, di�erent from the B form, either an unwound �at ribbon or a narrow
�bre with negatively inclined base pairs. Up to four di�erent DNA con-
�gurations were suggested for S-DNA [87]. Comparison of force-extension
data for S-DNA and single-stranded DNA showed S-DNA to be distinct
from both double helix and single-stranded forms [88], but that S-DNA be-
comes unstable to unpeeling at large forces, and that at low ionic strength,
or for weakly base-paired sequences, unpeeling can preempt formation of
S-DNA. A recent molecular dynamics simulation [89] predicted the coex-
istence of S-DNA with B-DNA, separated by denaturation bubbles, in the
overstretched state. Di�erent overstretched structures were observed for
3'3' pulling versus 5'5' pulling in reference [90]. Molecular combing exper-
iments combined with atomic force microscopy [29] provided evidence for
a transition to a new double helix conformation with a diameter of 1.2 nm
and a helical pitch of 18 nm.
On the other hand, force-induced melting of the ds-DNA, that means
separation of the two DNA strands, was proposed in reference[91] as the
main mechanism behind the 65 pN plateau. Optical tweezer experiments
[92] con�rmed that overstretching comprises a gradual conversion from
double-stranded to single-stranded DNA. A recent review [25] discusses
many arguments in favor of the DNA melting and rejects the existence of
any overstretched S-DNA state. Another recent experiment by Fu et al.
[93] on λ DNA explained the melting of DNA by unpeeling of one strand
from the other starting from the nick. These authors have interpreted the
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experimental results by postulating two competing modes of overstretch-
ing, a slow, hysteretic unpeeling of one strand from a nick, as observed in
[92], and a rapid, reversible transition to a double-stranded overstretched
form of the double helix sDNA. Which one of these two transitions occurs
depends on the time scale of the experiment and on salt concentration and
temperature according to this model.
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Figure 4.1: Force extension curve of λ DNA in B form in 150 mM NaCl, 10 mM tris,
1 mM EDTA, PH 8.0 [14](compare the text).

In the present chapter an attempt to investigate the structure of over-
stretched DNA using X-ray di�raction will be described. The study in-
volved highly oriented �lms, spun from DNA �bers, which were stretched
under controlled conditions. Such �lms were produced for the �rst time
by Rupprecht [94] using a wet-spinning apparatus. Later on another ap-
paratus was made at Konstanz University with some modi�cations by T.
Fischer [95] and A. Andre [58]. A. Andre also attempted to investigate the
structure of these �lms after overstretching by X-ray di�raction. These
�lms have the B structural form of DNA before stretching. As already
discussed in Chapter 2 double-stranded DNA molecules exist in �ve main
structures called A, B, C , D, and Z, which are illustrated in Figure 4.2
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[96]. Di�erent structures have di�erent base-pair numbers per helix turn
according to the water amount in the molecule. The A structure exists in
relative humidity around 75%, Transition from the A to the B structure
is often observed at around 92% humidity[97]. The C structure occurs
when the relative humidity is low. Helices of A, B, C, D DNA helices are
right-handed. Z as a very special class of structures is left-handed and has
a structure in which every base pair is repeated two times e. g. A-T,T-A
or G-C,C-G and the major and minor grooves show little di�erence in
width in contrast with other structures of DNA. Fiber X-ray di�raction
patterns from these conformations of DNA are included in this �gure.

Figure 4.2: Five di�erent conformations of DNA and their X-ray �ber di�raction
patterns. A, B, C, and D structures are right handed helix and Z is left handed. O is
shown red, N blue, P yellow and C grey [96]

.

In the present work similar sodium chloride DNA (NaDNA) �lms were
produced using the same apparatus. The �lms were then stretched in
small steps, and at each step a di�raction pattern of the �lm was taken.
The aim was to study the transition of the DNA molecule from the B form
to the S form. Details of the experiment will be discussed in the following
section.
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4.2 Materials and Methods
In this section the method for producing a highly oriented DNA �lm is
discussed.

4.2.1 Sample Preparation
Precipitation and spinning of DNA solution
The DNA spinning apparatus is shown in Figure 4.3. A syringe pump
(A.3.1) forces the DNA solution from salmon testes or calf thymus
(A.3.2) through a tube to a spinneret multi-pored device (A.3.3), which
is mounted on top of the precipitation column. A solution of 75 vol.%
ethanol and 0.25 M aqueous NaCl (Spinning bath) solution �lls the
column and the glass box under it. DNA becomes solid in contact with
ethanol because ethanol is a bad solvent for DNA due to its dielectric
constant. Thereby it causes collapsing of the backbone of DNA. Due to
extrusion through the spinneret, DNA forms �bers in the solution. The 1
m length of the precipitation column is su�cient for DNA to precipitate
due to the presence of ethanol and form a thin string which can be spun
around a te�on cylinder (A.3.4). A �ber guide gathers the DNA �bers
causing them to spin around the te�on cylinder. The te�on cylinder is
moving forward by 5mm in 2 minutes, turning around by 360 ◦ within 3
seconds, then backward in the same way the same 5mm within another
2 minutes. Repeating this procedure a highly oriented �lm of DNA is
produced by collecting the �bers layer by layer on the cylinder.
After some time the ethanol solution evaporates out of the spinning bath.
In order to keep the ethanol concentration constant the ethanolic solution
is pumped by a peristaltic pump into a degasser and is recycled from
there into the upper part of the spinning column. The rate of recycling
�ow is (≈ 72 ml/min). Another peristaltic pump is used to add ethanol
to the solution during recycling. An alcoholometer (an instrument for
determining the percentage of alcohol in a liquid by measuring the relative
density of the �uid when compared to water to determine how much
alcohol is present in the mix), which is calibrated to a solution with 0.2
M NaCl, continuously measures the ethanol concentration.
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Figure 4.3: Wet-spinning apparatus. Schematic taken from [58]

Drying of the �lm and storage
In order to adjust the electrolyte content of the �lm the te�on cylinder
with the �lm was bathed at 5 ◦ C for 24 hours in a solution of 77 % ethanol
with 0.03 M NaCl. The solution is agitated by a te�on-coated magnetic
stir bar. Later on the te�on cylinder is dried carefully with a paper and
placed in a desiccator containing silica gel for further drying. In order
to separate the �lm from the te�on cylinder it has to be re-hydrated to
75 % humidity using a a saturated solution of sodium chloride placed on
the reservoir of the desiccator at room temperature for three days. The
�lm is then cut with a scalpel. For storage the �lm is hanged in a box
shown in Figure 4.4 by clips in order to avoid changes in shape of the
�lm while the humidity changes and is kept in 75 % humidity using a
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solution of sodium chloride placed on the bottom of the box. Under these
conditions the DNA exists in the A form. Di�erent �lms were prepared
with di�erent thicknesses (30-160µm) and di�erent numbers of layers
(20-40) with di�erent speeds of rotation of the te�on cylinder.

Figure 4.4: Highly oriented DNA �lms are hanged in a storage box with humidity
around 75%.

4.2.2 Stretching the DNA Film
Stretching cell
A box has been designed for stretching the NaDNA �lms (see Figure 4.5)
that allows to uphold a high humidity in order to keep the NaDNA �lms
in the B form. The NaDNA �lm is kept between two holders and can
be pulled by a micrometer screw which is accessible from outside of the
box. A polished rod connects one of the holders to a force sensor (A.3.5).
The voltage from the force sensor is measured with a data-acquisition
board (A.3.6). After placing the NaDNA �lm carefully between the two
holders the box is closed with two frames covered with Mylar-Foil ≈ 10µm
(A.3.7) in thickness to keep high humidity during X-ray measurements,
while the foil is highly transparent to the X-rays. The humidity comes
from tissues soaked in K2SO4 solution which are placed in two perforated
boxes on both sides of the interior of the stretching cell. A humidity
sensor shows the humidity in the cell during measurements. In order to
keep the humidity equal to 98% the NaDNA �lm was placed in the box
�ve hours before starting an X-ray experiment. This procedure assured
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Figure 4.5: The stretching cell consists of two holders with a saw-tooth pro�le which
hold the DNA �lm. One of the holders is connected to a force sensor and the other
one to a micrometer screw that allows to stretch the �lm in a controlled way.

that the DNA existed in the B form before stretching. The voltage output
from the force sensor was calibrated by attaching di�erent weights to it
and measuring the gravitational force. The resulting calibration curve is
shown in Figure 4.6. The result of the calibration was

y = −4.16x+ 1.7 (4.1)

where y is the force in Newton and x is the output voltage the force sensor
in Volt.

4.2.3 X-ray Di�raction (XRD)
The X-ray di�raction experiments were performed with a rotating anode
source (A.3.8) operating at 40 kV with a current of 100mA at 1.54 Å (Cu-
Kα line). The mar345 image plate camera used as detector has an active
aperture of 345mm diameter (A.3.9). The stretch box was hanged and
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Figure 4.6: Calibration of the force sensor. Graph shows the voltage from the force
sensor in volt versus the force in Newton.

adjusted in the path of the X-ray beam. Always at �rst an X-ray di�rac-
tion pattern was taken from the �lm before stretching. The duration of
every measurement was about 20 minutes.

4.3 Results and Discussion
Here only the result of one experiment is shown. This procedure was
repeated for several NaDNA �lms, but all of them showed similar results.
An X-ray pattern from a NaDNA �lm (A.3.10) after placing it in the
stretch box and before applying any force to it is shown in Figure 4.7.
The sample-detector distance was 300mm. As stated above the �lm was
kept at 99 % relative humidity for 5 hours in the stretching box sealed
by the mylar �lm before starting the X-ray experiment. Only a weak
and blurred di�racted signal is observed, because after mounting the �lm
between the two holders and allowing the humidity to approach about
99 % the �lm between two holders was softening due to the humidity
and molecules therefore lost their orientation. As stated above, however,
the �lm, originally in the A conformation during storage at around 75
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% humidity, is expected to convert to the B form when kept at 99 %
relative humidity. The �lm was then stretched in eight steps using the

Figure 4.7: X-ray di�raction pattern from an unstretched NaDNA �lm. Sample-
detector distance is 300mm, the diameter of the sensitive area of the camera is 345mm.

micrometer screw. The length of the �lm before stretching was 5.52mm
and the �lm was stretched �rst by 3mm and then in steps of 1mm
up to 16.52mm where rupture occurred. The force-strain curve during
stretching of the �lm is shown in Figure 4.8 where the strain is de�ned
as extension divided by the length of the �lm before stretching. In the
�gure the force immediately after stretching is shown. The force read
from the force sensor changed after each stretching step due to relaxation
of the �lm. It is shown as a function of time in Figure 4.9. The time
dependence is neither exponential nor does it follow a simple power law.
Di�raction patterns for each step were acquired immediately after
stretching, and these are shown in Figure 4.10. For all of them X-shaped
o�-meridional re�ections are observed, which are characteristic for the
helical structure of B-DNA [97]. The re�ection closest to the beam axis
thereby corresponds to the axial helical periodicity of 34 Å. In addition, a
strong meridional re�ection shows at qz ≈ 1.85 Å−1 (compare also Figure
4.11), corresponding to the base-pair spacing a = 3.4 Å. Two more
meridional re�ections are obvious, one at qz ≈ 1.74 Å−1 and another
one at qz ≈ 1.46 Å−1, corresponding to periodicities of a = 3.6 Å and
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Figure 4.8: Force-strain curve for 8 steps of stretching the DNA �lm. The strains
corresponding to each step are 0.546, 0.725, 0.906, 1.087, 1.268, 1.449, 1.63, 1.812

a = 4.3 Å, respectively. These re�ections could be caused by an unequal
tilt of base pairs during spinning of the �lm [98]. Another re�ection
occurs at qz ≈ 0.8 Å−1, corresponding to a periodicity of a = 7.8 Å. The
simulations by Lebrun and Lavery [86] predicted that the DNA molecule
can be stretched to slightly more than twice its length before it breaks.
The nearest neighbor distance of the phosphate groups in this maximally
stretched state is predicted to be about 7.5 Å−1, which could explain the
observed re�ection, if it is assumed that for some of the molecules in the
sample the helix is completely stretched. The experimental observation
that this re�ection gains in intensity with increasing global strain in
the sample is consistent with such an explanation. This explanation
essentially identi�es the meridional peak observed at qz ≈ 0.8 Å−1,
corresponding to a periodicity of a = 7.8 Å, with an overstretched state
of DNA, that is S-DNA. The fact that this x-ray di�raction peak is
observed already at very small strain is most likely explained by assuming
that some DNA molecules are overstretched already in the course of
the preparation of the �lm, presumably when the �ber is spun onto the
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Figure 4.9: Force applied to the NaDNA �lm as a function of time after each stretching
step. Time elapsed between every stretching step was 20 minutes. Relaxation of the
�lm after stretching is obvious in the graph.

cylinder. whereas most of the molecules remain in the B form. Because
the sti�ness of maximally stretched DNA will be determined by the
sti�ness of the rigid backbone and therefore be much larger than that
of B-DNA, it appears likely that DNA molecules maximally stretched
during wet-spinning support most of the externally applied stress in the
�lms and breakage of these molecules marks breakage of the �lm. Melting
of the ds-DNA, which is currently a widely favored model for the behavior
of DNA under large stresses, as an alternative to various proposed forms
of S-DNA, should result in a disappearance of the x-ray re�ections typical
for the B form and, possibly, to a plateau in the force-extension curve of
the �lm similar to that observed in single molecule stretching experiments
using force microscopy or optical tweezers. Both is not observed for
the present �lms. The stretching of molecules in the �lms studied here
is therefore obviously fundamentally di�erent from the case of single
molecule stretching experiments. Intensity pro�les for all images along
the solid line corresponding to the helical axis indicated in �gure 4.10
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Figure 4.10: X-ray di�raction patterns of a NaDNA �lm stretched in 8 steps until it was
broken (A to H). The di�raction diagrams were recorded immediately after stretching
with an exposure time of about 20 minutes. Steps A-H correspond to the ones listed
in Figure 4.9. The black line shows the direction of the helical axis (compare text) and
also coincides with the stretching direction . I: Identi�cation of the observed re�ections
with the corresponding periodicities: Numbers report the corresponding periodicities
in Å. Meridional and equatorial axis are shown with dotted lines. Dashed lines indicate
the re�ections.
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are shown in �gure 4.11. These again demonstrate the increase in the
strength of the re�ection at qz ≈ 0.8 Å−1, while the other features remain
essentially constant until rupture of the �lm.
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Figure 4.11: Meridional intensity pro�le of the x ray di�raction pattern of highly
oriented NaDNA �lm for 8 stretching steps, (same as in Figure Steps A-H correspond
to the ones listed in Figure 4.9.

Summary and Conclusion
The present x-ray di�raction experiments on highly oriented DNA �lms
in the B form as a function of applied stress show that the majority of
the DNA molecules remains in the B form up to breakage of the �lm.
At the same time a meridional re�ection at qz ≈ 0.8 Å−1, corresponding
to a periodicity of a = 7.8 Å, is observed, which may be explained by
the existence of part of the molecules in a maximally stretched state,
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as predicted by the simulations in reference [86]. This di�raction peak
increases somewhat in intensity with applied stress, but is already present
in the �lms before stretching. This may be explained by assuming that in
the wet-spinning process part of the molecules are already overstretched,
whereas most of the molecules remain in the B form. Because the sti�ness
of maximally stretched DNA will be determined by the sti�ness of the
rigid backbone and therefore be much larger than that of B-DNA, it ap-
pears likely that DNA molecules maximally stretched during wet-spinning
support most of the externally applied stress in the �lms and breakage
of these molecules marks breakage of the �lm. Melting of the ds-DNA
at large stresses (force-induced melting, FIM), on the other hand, as
suggested in many single molecule stretching studies as an explanation
for the plateau observed in the force-extension curve, should result in a
disappearance of the x-ray re�ections typical for the B form and possibly,
to a plateau in the force-extension curve as in single molecule stretching
experiments. Both is not observed for the present �lms.



Chapter 5

Summary

In Chapter 2 of this thesis the movement of individual tethered λ-DNA
molecules is studied in the absence and in the presence of oscillatory shear
�ow using time-dependent �uorescence microscopy. In the absence of
shear the root mean square �uctuation of the center-of-mass position of
the molecules, the radius of gyration, and the longest relaxation time of
end-grafted DNA molecules are determined. The agreement of the mea-
sured radius of gyration in the absence of shear, Rg = (0.85 ± 0.05)µm,
close to literature values for Rg of λ-phage DNA in a bulk solvent, with
the predictions of the Zimm model for a free polymer in a good solvent
strongly hints at the importance of hydrodynamic interactions between
the monomers. From the autocorrelation functions of the movement of in-
dividual DNA molecules the longest relaxation time of end-grafted DNA
molecules is determined to be τ = (0.79±0.03) s. In a narrow frequency
range 1Hz< ν < 6Hz an approximate empirical power law is observed
for the frequency dependence of the �uctuations of the DNA molecules
with an exponent of -1.4. No theory is currently known to explain this
dependence.
For DNA molecules under oscillatory shear �ow the relaxation time for the
movement perpendicular to the shear, averaged over all experimentally ac-
cessible values of shear rate and shear frequency, is found to deviate only
slightly from the value in the absence of shear. For the movement of the
DNA molecules in the direction of the shear, on the other hand, the relax-
ation times are found (a) to extrapolate to a value close to the relaxation
time in the absence of shear, as expected, and (b) to slightly decrease with
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shear.
Comparing the amplitude of the DNA movement in the driven direction
with the predictions of a simple bead spring model di�erent values are
obtained for the distance of the grafting point of the DNA molecules from
the wall in the low and high-frequency ranges, respectively. The discrep-
ancy between the two numbers is attributed to a de�ciency of the bead
spring model. Furthermore it is pointed out that, in the case of oscillatory
shear �ow, and in contrast to the case of steady shear �ow, even in the
simple bead spring model the response of the tethered polymer depends
not only on the Weissenberg number, but also explicitly on the dimen-
sionless frequency ωτ , which may be identi�ed, up to a constant with the
Deborah number, well known in the rheology of non-Newtonian liquids.
The observed amplitudes of tethered DNA molecules in oscillatory shear,
normalized to the shear and to the observed non-constant values of zc,
are predicted by the bead spring model to depend only on the dimen-
sionless frequency. The normalized amplitudes observed in the experi-
ments follow the predictions of the bead spring model at low frequencies,
but exhibit a drastic enhancement over the predictions of the model, of
more than a factor of two, at around ωτ = 2. In the frequency range
ωτ > 10, on the other hand, the amplitudes are smaller than predicted by
the model. Because the shear-induced stress corresponds to the entropic
elasticity range at low forces in single molecule stretching experiments, the
observed enhancement around ωτ ≈ 2 and also the reduction at ωτ > 10
are tentatively assigned to hydrodynamic monomer interactions, which
are intrinsically nonlinear, even in the low shear range.
The construction of a micro-�uidic device containing patterned gold
thin �lms and initial �uorescence microscopy experiments involving DNA
molecules tethered to the gold islands, as described in Chapter 3, lay the
ground for a study, along similar lines as in Chapter 2, of the hydro-
dynamic interactions between two individual grafted DNA molecules at
well-de�ned distance to each other, in the absence of shear, as well in a
steady shear �ow. The steps necessary for the construction of the de-
vice, including the preparation of the PDMS micro-channel and the gold
islands, and grafting of DNA to the latter are complex and considerable
technical di�culties had to be overcome to achieve single occupation of
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neighboring gold islands by DNA molecules.
An attempt to study the nature of the overstretched state of DNA
molecules in highly oriented �lms of DNA in the B form by x-ray di�rac-
tion is described in Chapter 4. It is shown that, in contrast to single
molecule stretching experiments, the majority of the DNA molecules re-
mains in the B form up to breakage of the �lm. At the same time a
meridional re�ection at qz ≈ 0.8 Å−1, corresponding to a periodicity of
a = 7.8 Å, is observed, which may be explained by the existence of part
of the molecules in a maximally stretched state, as predicted by earlier
simulations. This di�raction peak increases somewhat in intensity with
applied stress, but is already present in the �lms before stretching. This
may be explained by assuming that in the wet-spinning process part of
the molecules are already overstretched, whereas most of the molecules
remain in the B form. Because the sti�ness of maximally stretched DNA
will be determined by the sti�ness of the rigid backbone and therefore be
much larger than that of B-DNA, it appears likely that DNA molecules
maximally stretched during wet-spinning support most of the externally
applied stress in the �lms and breakage of these molecules marks breakage
of the �lm. Melting of the ds-DNA, which is currently a widely favored
model for the behavior of DNA under large stresses, as an alternative to
various proposed forms of S-DNA, should result in a disappearance of the
x-ray re�ections typical for the B form and, possibly, to a plateau in the
force-extension curve of the �lm similar to that observed in single molecule
stretching experiments using force microscopy or optical tweezers. Both
are not observed for the present �lms. The stretching of molecules in the
�lms studied here is therefore very inhomogeneous and obviously funda-
mentally di�erent from the case of single molecule stretching experiments.



Appendix A

List of Chemicals and Materials

A.1 Chapter 2
A.1.1
λ-DNA: N3011, New England Biolabs, Frankfurt am Main.

A.1.2
T4 DNA ligase: M0202, New England Biolabs, Frankfurt am Main.

A.1.3
Milli Q-water: 18.2MΩcm, puri�ed in a Millipore system, Schwalbach.

A.1.4
T4 ligase reaction bu�er: B0202, New England Biolabs, Frankfurt am
Main.

A.1.5
Nick column: 17-0855-01, Amersham Bioscience, Munich.

A.1.6
Ultrospec 2100 pro, UV/Visible Spectrophotometer: 80-2112-21, Amer-
sham Bioscience, Munich
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A.1.7
Tris borate EDTA (TBE) bu�er: 130mM TRIS, 45mM boric acid, 2.5mM
EDTA with pH = 9.

A.1.8
Phosphate bu�ered saline (PBS) bu�er: 136.9mM NaCl, 2.7mM KCl,
1.8mM KH2PO4, 10mM Na2HPO4 in milli-Q water.

A.1.9
Agarose: A9539-100G, Sigma Aldrich.

A.1.10
GeneRuler 1 kb DNA Ladder: SM0311, Fermentas.

A.1.11
Cover slip: BB024050A1, Menzel-Gläser.

A.1.12
Acetone: Sigma Aldrich.

A.1.13
Ethanol: Sigma Aldrich.

A.1.14
Absolute Ethanol: p.a., Sigma-Aldrich.

A.1.15
Isopropanol: Sigma Aldrich.
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A.1.16
Piranha solution: 1:1 sulfuric acid ( 97% p.a., Sigma-Aldrich) and hydro-
gen peroxide (30% p.a., Sigma-Aldrich).

A.1.17
Silane (3-aminopropyl-triethoxysilane (APTES)): A3648, Sigma-Aldrich.

A.1.18
Glutaraldehyde (8%): 00216, polysciences, Eppelheim.

A.1.19
Streptavidin: 11721674001, Roche Applied Science, Mannheim.

A.1.20
Yoyo-1 dye: Y3601, Molecular Probes.

A.1.21
Plano-convex lens: 5mm diameter ,Thorlabs.

A.1.22
Piezo: PX400 Piezosystem Jena.

A.1.23
Microscope lens: 100x/1.3NA oil immersion, Leica.

A.1.24
xyz translation stage: Newport.
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A.1.25
Function generator: Agilent 33120A.

A.1.26
High-voltage ampli�er: ENV400 Piezosysem Jena.

A.1.27
Imaging chamber: C9974, Coverwell.

A.1.28
Microscope: Nikon model Eclipse TE 200.

A.1.29
CCD camera: Hamamatsu model C2400, 640x480 pixels, frame rate 25Hz.

A.1.30
CMOS Camera: Pixellink PL-B621M, 1260x1024 pixels.

A.1.31
Latex bead: PS-R-L1343, Microparticles.

A.1.32
Fluorescent bead: T-8861 TransFluoSpheres, Molecular Probe.

A.2 Chapter 3
A.2.1
Cover slip: BB024050A1, Menzel-Gläser.
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A.2.2
Ethanol: Sigma Aldrich.

A.2.3
Sodium hydroxide (NaOH): Sigma Aldrich.

A.2.4
Polystyrene beads (0.920mum diameter): PS-F-0.9, Microparticle.

A.2.5
Polymethyl methacrylate (PMMA), Photoresist 495, Microchem, Berlin.

A.2.6
Methyl methacrylate/Methacrylic acid (MMA/MAA), Copolymer: Mi-
crochem, Berlin.

A.2.7
Potassium hydroxide (KOH): Sigma Aldrich.

A.2.8
Methyl isobutyl ketone (MIBK), photoresist developer: Microchem,
Berlin.

A.2.9
Isopropanol (IPA): Microchem, Berlin.

A.2.10
Silicon wafer: Siltronic, Munich.
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A.2.11
SU-8-100, Photoresist: Microchem, Berlin.

A.2.12
Photomask: ML&C, Jena.

A.2.13
1-Methoxy-2-Propanol acetate, SU-8 developer: Microchem, Berlin.

A.2.14
Poly-dimethyl siloxane (PDMS) and silicon elastomer curing agent, Sili-
cone elastomer kit: Dow Corning, Wiesbaden.

A.2.15
Te�on tube: Novodirect, Kehl.

A.2.16
Gold 99.95%: AU005171/65, Goodfellow.

A.3 Chapter 4
A.3.1
Syringe pump VitFit: RS-485, 7001(+4816), Lambda.

A.3.2
DNA sodium-salt from salmon testes, D1626 Sigma, Munich.
DNA sodium-salt from calf thymus, D1501, Sigma, Munich.
DNA solution: 0.15M sodium chloride, 3mM sodium citrate tribasic di-
hydrate, 0.05mM EDTA disodium salt at pH≈7
Concentration of DNA: (1.5 - 2) gl .
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A.3.3
Spinneret: 720 holes of 70µm diameter.

A.3.4
Te�on cylinder: 80mm diameter.

A.3.5
Force sensor: 31E, range: 10N, Althen, Kelkheim.

A.3.6
Data acquisition card: PCI-6221 (16 bit, 250 kS/s, 16 analog inputs), Na-
tional instruments, Munich.

A.3.7
Mylar-Foil: Goodfellow, 61213 Bad Nauheim.

A.3.8
Rotating anode source: J. Schneider Elektrotechnik GmbH, 77652 O�en-
burg.

A.3.9
Image plate: Mar345, marresearch, 22850 Norderstedt.

A.3.10
NaDNA �lm: No.of layers: 30, thickness of the �lm: 0.651mm.
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