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Zusammenfassung

Ziel dieser Arbeit ist es chemische, molekularbiologische und physikalische Methoden

zu entwickeln die es erlauben ein Ensemble von DNA Molekülen in definierter Weise zu

strecken. Dies soll strukturanalytische Untersuchungen des B-S Übergangs von DNA

erlauben, was zur Aufklärung der Wechselwirkung von DNA mit dem RecA protein

beitragen könnte. RecA ist ein Protein, das für die Rekombination in E.coli verant-

wortlich ist. Um Kraft-Dehnungskurven an einem Ensemble von DNA Molekülen zu

messen wurde eine neuartige Kraftapparatur entwickelt und charakterisiert. In dieser

Apparatur werden die DNA Moleküle chemisch zwischen zwei Substraten gebunden.

Dies wird durch funktionalisieren der DNA Enden mit spezifischen Ankermolekülen,

wie z.B. Biotin, Digoxigenin oder Thiol, erreicht.

Als erstes wurde die Effizients der Funktionalisierung von DNA mit den Anker-

molekülen bestimmt. Es wurde gezeigt, dass mindestens 70% der DNA Moleküle

mit Biotin oder Digoxigenin markiert sind. Für mit Biotin markierte DNA Moleküle

konnte eine maximale DNA Moleküldichte von 0.14 1/µm2 auf Streptavidin funktion-

alisierten Oberflächen nachgewiesen werden. Für mit Thiol markierte DNA Moleküle

konnte die gleiche maximale Moleküldichte auf Goldoberflächen gefunden werden.

Die beobachtete Bindungskinetik von mit Biotin markierten DNA Molekülen legt ein

durch Diffusion kontrolliertes Bindungsmodell nahe. Weiterführende Experimente

werden vorgeschlagen.

Da einzelne DNA Moleküle mit Hilfe der konfokalen Fluoreszenz Mikroskopie aufgelöst

werden können, ist es möglich Einzelmolekülexperimente durchzuführen. Dazu wurde

λ-DNA mit YOYO-1 fluoreszent gefärbt. Die Konturlänge der gefärbten DNA wurde

bestimmt, indem DNA Moleküle in einem elektrischen Feld gestreckt wurden. Der

gemessene Wert von 19.8 µm stimmt mit Literaturwerten sehr gut überein. Außer-

dem wurden statische und dynamische Eigenschaften der gestreckten DNA Moleküle
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gemessen. Diese Messungen könnten zum Verständnis des Einflusses hydrodynami-

scher Wechselwirkungen auf die Polymerkonfiguration eines elektrokinetisch gestreck-

ten Polymers beitragen.

Unter Ausnützung der longitudinalen Auflösung der konfokalen Mikroskopie wur-

den zum ersten Mal 3-dimensionale Monomerdichte-Profile von DNA Molekülen ver-

schiedener Länge gemessen. Es wurde eine exzellente Übereinstimmung mit theo-

retischen Voraussagen gefunden. Des Weiteren wurden die Endsegmente der DNA

Moleküle mit fluoreszent gefärbten Kolloiden markiert. Dies ermöglichte es, die

Verteilungsfunktion der Endsegmente zu messen. Diese Resultate sind die ersten

experimentellen Tests theoretischer Vorhersagen für die Konformation von end-an-

gehefteten Polymeren im ”Mushroom” Regime.
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Introduction

DNA is of prime biological importance since the ability of heredity of living matter

is facilitated by the special structure of this remarkable molecule. The genetic ac-

tivities are regulated by proteins, which often impose twist or mechanical stress to

the DNA molecule and elastic properties of the DNA are therefore of important bio-

logical relevance. For instance the RecA protein which is involved in recombination

processes of eucaryotic cells is known to overstretch DNA after binding and an en-

hanced binding kinetic of this protein to DNA was observed if DNA was overstretched.

Force-extension measurements on single DNA molecules have shown that DNA elas-

ticity is dominated by entropy until the the contour length is reached. Stretching

DNA beyond the entropic regime, the force does not diverge but a force plateau ap-

pears at nearly constant force up to an extension of about 60 % beyond the relaxed

contour length. However the nature of this plateau in the force-extension curve is not

well understood, mainly due to a lack of direct structural information on the over-

stretched state. There are well established methods for structure determination like

x-ray scattering or birefringence but to our knowledge no work so far has been done

to combine these methods with force-extension measurements on DNA molecules. In

particular birefringence is of interest since it is determined by the orientation of the

base pairs of DNA. Birefringence should therefore be capable to decide whether an

inclination of the base pairs or strand separation occurs during the overstretching

transition. Of course birefringence measurements cannot be applied to a single DNA

molecules but one has to develop techniques to stretch a large number of molecules

simultaneously in a well-defined way, allowing to monitor the structural changes of

DNA, supposed to be responsible for the nature of the overstretching transition.

The aim of the present work is to develop and characterize chemical, molecular biolog-

ical and physical methods for combining optical measurements with force-extension

measurements on DNA. Before we present a novel development of a force apparatus
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various strategies of attaching DNA at the two ends have to be developed. The char-

acterization of end-grafted DNA relates physical properties of DNA and shows how

DNA can act as a model-polymer for long standing questions in polymer physics.

In chapter 1 we present a collection of relevant properties of DNA, especially why

DNA can be regarded as a model polymer and how it interacts with the solvent. In

chapter 2 biotechnological methods are described by which one can prepare DNA

carpets in a well defined way. The resulting assays are characterized with respect

to reliability and efficiency of the functionalized and end-grafted DNA. The third

chapter presents results obtained by confocal fluorescence microscopy. The behavior

of end-grafted DNA is considered and the monomer density profile of an end-grafted

single polymer is measured for the first time and the spatial distribution function of

the end-monomer near an interface are measured. With this knowledge we present

in chapter 4 the design of a novel force apparatus. The performance of the device is

discussed and finally force measurements on a DNA carpet are shown.



Chapter 1

Chemical and physical properties

of DNA

Evolution theory claims that all living organisms descend from a common genealogical

tree in early evolution. On a molecular level this is corroborated by the fact that the

essential genetic foundation of all different living organisms, like bacteria, eucaryotic

cells, plants and animals obeys the same rules, namely that all genetic information is

stored in a molecule called deoxyribonucleic acid (DNA) and the ability of heredity

is a feature of the structure of DNA [1, 2] which is briefly described in the first

section of this chapter. In addition to its fundamental biological relevance, DNA has

also become important in fundamental polymer physics. This is because DNA can be

visualized with fluorescence microscopy due to the development of high quantum yield

dyes in the early 90’s [3]. This has opened exciting new possibilities to investigate

problems in polymer physics on a single molecule level far from equilibrium. We first

review a few basic mechanical and electrostatic features of DNA on a local length

scale. Then the transition to the large scale limit is discussed in the spirit of classical

polymer physics [4, 5, 6]. In the last section the elastic behavior of DNA is described in

more detail as it is an illustrative example of elasticity based on thermal fluctuations

[7].

1.1 Chemical and structural properties of DNA

DNA is formed by polymerized nucleotides. Each nucleotide consists of three build-

ing blocks which are a pentose sugar ring (deoxyribose), a purine or pyrimidine base

9



10 Chapter 1: Properties of DNA

Figure 1.1: B-Form of DNA . Left: Schematic view of the double helix. The base
pairing inside the double helix is illustrated via color. Green is complementary to red
and blue to yellow respectively. The bases pairs are 0.34 nm apart from each other
and oriented perpendicular to the helix axis. The helix repeat is about 10.5 basepairs
(bp) or 3.5 nm respectively. Right: Chemical structure of DNA. Whether the free end
of one strand has a free 3’ carbon atom in the sugar or a free 5’ carbon atom in the
sugar one speaks of 3’ end or 5’ end of the dsDNA.

and a phosphate group which links the sugar together [8]. In DNA two purine bases,

adenine (A) and guanine (G) and two pyrimidine bases, thymine (T) and cytosine

(C) occur. Whether the phosphate group is connected to the 5’ or to the 3’ carbon

atom of the sugar one speaks of 5’ or 3’ direction of the polynucleotide chain. By

analyzing x-ray diffraction patterns in 1953, Watson and Crick deduced that DNA

adopts the shape of a right-handed double helix [1, 2], where the sugar phosphodi-

ester bonds forms the backbone and the bases are located inside the helix. Inspired

by work of Chargaff et al. [9] who showed that the frequent occurrence of A and

T bases is equal in all DNA they investigated, and the same holds for the C and G

bases, Watson and Crick postulated a specific pairing between the bases in order to

obtain a copying mechanism for the genetic material. According this Watson-Crick

rule the two strands of the double helix are held together by the purine and pyrim-

idine bases, which forms hydrogen bonds. One of the bases has to be a purine (A

or G) and the other a pyrimidine (T or C) for bonding to occur [1]. This implies

that if the sequence of one strand is given, the sequence of the second strand is given

just by complementary. During cell division the 2 strands of the helix separate and
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each strand can act as a template in the two newly formed cells and thus the genetic

information is copied into a new generation of cells.

A schematic sketch of the B-form of the double helix is shown in Fig.1.11. The double

helix is stabilized by several factors. First, specific base pairing between the purine

and pyrimidine bases is due to hydrogen bonds between complementary bases. The

binding between A and T is formed by two hydrogen bonds, whereas C and G are

connected via three hydrogen bonds. Base pairing between purine and pyrimidine is

furthermore sterically favored because two purine rings would need too much space in

the double helix, whereas two pyrimidine rings would not occupy the available space

inside the double helix [8]. Under physiological conditions the hydrogen bonds gen-

erate a binding free energy of roughly kBT per base pair, where kB is the Boltzmann

constant and T is the temperature. DNA longer than ∼ 20 base pairs do therefore

not separate due to thermal fluctuations, since fluctuations of more than 20 kBT do

not occur over realistic timescales.

Rather than adopting a ladder structure; double-stranded DNA is double helical due

to hydrophobic interaction. These minimize the accessible space between the consec-

utive base pairs, and therefore avoid the contact of the bases with water molecules.

In addition with the flexibility of the sugar phosphate chains, the optimal structure

is formed by a double helix where the twist angle between the bases is around 34.9◦

[10]. In addition to the hydrophobic interaction between bases electrostatic interac-

tions between the charges in the aromatic rings of the bases and between the partial

charges on the single atoms in the base pairs rings contribute. The sum of all this

contributions is usually referred to as base stacking interactions [10]. The mutual

interactions of the phosphate groups in the backbone are dominated by electrostat-

ics, since under a wide range of pH values each phosphate dissociates a proton and

therefore carries one elementary charge [11].

It is believed that B-form is the structure DNA occurs inside cells but one should

be aware that all x-ray studies are done at oriented DNA fibers and it is hard to

unravel the structure of DNA inside a living cell. Distortions of the B-Form due to

mechanical load, enzymatic activity or due to packing of DNA in cells are discussed

in the last chapter of this work.

1Figures from http://www.blc.arizona.edu/Molecular Graphics/DNA Structure/DNA Tutorial.HTML
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1.2 DNA as a model polymer

1.2.1 Stiffness of DNA

In simple synthetic polymers such as polyethylene (PE) or polystyrene (PS), the

monomers, formed by carbon hydrogen compounds, are joined together via simple

covalent chemical bonds, which provides many configurational degrees of freedom of

the monomers leading to very flexible polymer chains. This is in contrast to many

biopolymers, and in particular to double stranded DNA (dsDNA), which is on the

length scale of a monomer very stiff, and therefore biopolymers are often considered

as semiflexible polymers. There might be several different mechanisms responsible

for this high rigidity. First base-pair stacking causes the most dominant force for

DNA to resist to deformations like bending, torsion and stretching [10]. But mutual

interposphate repulsion might contribute to local stiffness too, avoiding crowding of

phosphate groups caused by helix deformations. Understanding the relative contribu-

tions of base stacking and electrostatic repulsion to DNA stiffness and deformations

remains an active area of research [12].

In the simplest model of the bending elasticity of DNA the molecule can be thought

of as a thin rod [13]. From basic elasticity theory the energy U to bend a straight

thin rod is given by U = Bl/2R2 [14], where l is the length of the rod, R the radius

of curvature, and B the elastic bending modulus. Setting R = l gives the energy

necessary to induce a bend along the rod of 1 radian. Solving this for U = kBT one

gets lp = B/kBT . The length scale lp is the so called persistent length over which

thermally excited bends of 1 radian typically occurs. The parameter B is connected

to the longitudinal Young’s modulus Y via Y = 4B/πR4. From measurements of

the force-extension curve of a single DNA molecule at high forces Young’s modulus

is estimated to be around 300 MPa [15, 16, 17], which is comparable to the Young’s

modulus of bulk plexiglass. This value leads to a value of the persistence length of

lp = 57 nm, which is in fairly good agreement with the generally accepted value of

about 50 nm under physiological conditions [11, 10]. It is worth to mention that other

biopolymers like actin or tubulin are even stiffer, and the former reach a persistence

length of 20 µm [18] and the later has a persistent length of 5 mm [19]. Of course the

satisfactory results obtained by simple classical elasticity theory should not deceive

about the rather questionable approach of applying classical elasticity theory on a

molecular level, but it seems to work in an illustrative way [13].
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1.2.2 DNA as a charged polymer

In the former considerations the charge of DNA was not treated explicitly. How-

ever due to ionization of the phosphate groups bare DNA carries a line charge of

2 e−/bp, which means that DNA is a strongly charged polyelectrolyte. For such

highly charged systems the linearized Poisson-Boltzmann equation, which ends up

in the Debeye-Hückel theory is not strictly valid anymore. In this theory the elec-

trostatic interactions are screened over a certain length scale, κ−1, because of the

presence of counter ions. Instead a peculiar phenomena occurs for strongly charged

polyelectrolytes called counter ion condensation [20]. The physical picture behind

this theory is described as follows in a simple mean field picture neglecting possible

correlations [21]. The electrostatic energy of a counter ion, with valency z, at a dis-

tance r, from the polymer chain with line charge density ρ0 is of the order 2ρ0ze
ε

ln r,

where e is the elementary charge and the constant ε is the dielectric constant of the

solvent. The electrostatic attraction restricts the counter ions to a region within a

radius of r, causing an entropy loss of ∼ −2kBT ln r. The free energy is the sum of

electrostatic and entropic contributions and both are proportional to ln r. To ensure

the argument of the ln to be dimensionless r is in units of the distance of the po-

sition of the reference potential. To decide whether entropy or electrostatic energy

prevails in the competition one has therefore to compare just the coefficients of the

logarithms. For 2ρ0ze
ε

> 2kBT electrostatic is the dominant interaction and it is fa-

vorable for the counter ions to stay in the vicinity of the polymer chain (condensed

state), and for 2ρ0ze
ε

< 2kBT the entropy gain overwhelms electrostatic energy and

counter ions tend to move away from the polymer chain. Therefore the condition for

counter ion condensation reads in this simplified picture as

ρ0 >
ze

lB
, (1.1)

where lB = e2/εkBT is called the Bjerrum length which corresponds to the length

scale where the thermal energy is comparable to the Coulomb interaction2. It should

be noted that as long as the screening length κ−1 is much longer than the distance

between the charges on the polymer chain the arguments given above holds true [21].

The screening length is defined as κ2 = 8πz2lBcs, where z denotes the valency of the

salt and cs is the salt concentrations. At physiological conditions cs ≈ 0.1 M and

2For water lB = 0.7 nm
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Figure 1.2: Dependence of the persistence length lp on monovalent ionic strength.
The symbol refers to different methods of determining lp. Figure from Ref.[24]

for monovalent salt ions this leads to κ−1 ≈ 1 nm [22], which is significantly higher

than the separation between adjacent backbone charges, which is 0.34 nm . From Eq.

(1.1) one readily calculates that the energetic gain due to counter ion condensation is

stopped for a line charge of ρ0 = e
lB

= 1.42 e−
nm

for monovalent salt. This means that

76 % of the charge of the DNA is compensated by the condensed counter ions. This

mechanism has two important implications. First because of neutralized charges on

the backbone the electrostatic contribution to stiffness is reduced. And second it is

interesting to note that the counter ions provide a source of entropy gain for binding

of cationic ligands to DNA, because of a release of counter ions into bulk solution due

to ion exchange [12].

The question now arises how electrostatic interactions contribute to the stiffness of

DNA. Experiments were performed on long DNA molecules to measure the persis-

tence length at different monovalent salt concentration [23, 24]. The salt dependence

of the persistence length as it is reported in [24] is shown in Fig. 1.2. The stiffness of

DNA as measured by the persistence length appears to decrease with increasing salt

concentration and saturates for salt concentrations above 20 mM. Thus the electro-
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static contributions dominates only for salt concentrations well below physiological

conditions. The behavior of the salt dependent persistence length is well described

by [25]

lp = lp0 +
lBρ2

0

4κ2
= lp0 + 0.324 c−1

s [Å] . (1.2)

With lp0 = 50 nm the intrinsic persistence length and cs is the molar concentration

of the added monovalent salt. One has to notice that this result has been derived

by using the linearized Debye-Hückel approximation, which is valid just for not too

strongly charged polymers in an almost rod-like conformation. From the consideration

in section 1.2.1 one would expect that the stretching modulus S is also raised by

decreasing salt concentrations since S is connected with the Young’s Y modulus by

Y = πr2S. In the thin rod model of DNA this means that S is directly proportional to

the persistence length lp. In [24] the contrary behavior is observed. This still not fully

understood observation [12] shows nicely that the thin rod model in connection with

electrostatic interactions does not cover all elastic properties of DNA. For a complete

microscopic description of DNA one has to include the very local structural properties

of deformations as there are interphosphate stretching, base pairing stability as a

function of ionic strength and so on [12]. Fortunately polymer physics does not

need the local properties of a polymer, but through coarse graining considerations

statements about the global properties can be made. In the following sections we

therefore concentrate on DNA much larger than the persistence length of DNA.

1.2.3 DNA as a long semiflexible polymer

In Sec. 1.2.1 the persistence length lp was introduced via the bending modulus of a

thin rod. In a more statistical view lp can be introduced as the length over which

the orientation of chain segments becomes uncorrelated. For a semiflexible chain the

autocorrelation function of the tangent vector ~t(s) as a function of the arc length

0 < s < L exhibits a purely exponential decay [21]

〈~t(s)~t(s′)〉 = e
− |s−s′|

lp . (1.3)

Note that for the freely joined chain model this correlation is δ(s − s′), since in this

model the monomers are able to point in any direction independently from each other.

It can be shown that this definition is equivalent to the picture of a thin rod as it is

introduced above [21] and represents the length scale over which the polymer can be
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thought as being straight. Since the end-to-end distance ~Ree is given by integration

over the tangent vector along the contour of the polymer, one obtains for a semiflexible

chain using Eq. (1.3)

〈R2
ee〉 = 2l2p

(
L

lp
− 1 + e

− L
lp

)
, (1.4)

where L denotes the contour length of the polymer [21]. In the limit L ¿ lp one gets

〈R2
ee〉 = L2, which is the end-to-end distance of a stiff rod. In the limit L À lp the

mean-squared-end to end distance becomes 〈R2
ee〉 = 2Llp. This is exactly the end-to-

end distance of an ideal Gaussian chain, and one can identify the length 2lp as the

length of statistically independent segments, i.e. the Kuhn length lk, of a Gaussian

chain. The factor of 2 can be interpreted as an indication that orientational memory

takes place in two directions. These considerations show that on a large scale the

standard theory of polymers [4, 5, 6] is appropriate for DNA with a long enough

contour length. An important quantity reflecting the size of a polymer is the radius

of gyration Rg, which is the root-mean-squared distance of monomers from the center

of mass of a polymer coil, which is related to Ree by the relation Rg = Ree/
√

6. For

a semiflexible chain in the gaussian limit the radius of gyration is therefore

Rg =

√
Llp
3

. (1.5)

The question now arises whether DNA can be seen as a Gaussian chain or whether one

has to include excluded volume interaction. Excluded volume effects can be treated

in the limit of small swelling by using Flory arguments. The persistent chain is then

approximated as a sequence of stiff rods of length 2lp containing n monomers of size

a, i.e. n = 2lp/a. The quantity n is considered as a stiffness parameter. Since the

size of a monomer cannot be smaller than the diameter of DNA setting a equal the

diameter of the DNA seems to be a reasonable choice. Then the free energy of a

semiflexible chain with an actual coil radius of R can be written as [26]

F (R)

kBT
' 3R2

2R2
g

+
v2

2

(
N/n

R3

)2

R3 (1.6)

The first term is the work one has to do in order to overcome entropy keeping the

end to end distance R = Ree of the polymer ends constant. The second term takes

self-avoiding of the segments into account, which tends to swell the chain a bit. This
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excluded volume interaction is proportional to the square of the number of statistical

independent segments N ′ = N/n within the volume occupied by the polymer of size

∼ R3, integrated over the volume R3, and it is proportional to the second virial

coefficient v2. This means that N is the number of monomers3 of size a, analogically

to a gas confined in a volume R3 [4]. The second virial coefficient scales as v2 = τal2p
[21, 27], where a denotes the radius of DNA, and τ is the so called solvent quality

factor. Minimizing the free energy with respect to the radius R, the equilibrium

radius (Flory radius) of a polymer with excluded volume interaction is obtained [26]

Rg =
(

τ

3

) 1
5

n
1
5 aN

3
5 . (1.7)

The scaling exponent ν = 3/5 is the same as in the case of a fully flexible chain in a

good solvent, with N Kuhn segments, and is close to experimental value of ν = 0.588

[4]. This mean field theory works because of the cancellation of two errors [6]: The

first term of entropic elasticity is overestimated because of the use of a Gaussian chain

statistics. Second the repulsive energy is underestimated when correlations between

the segments are neglected.

Since the free energy F determines the most probable conformation of the chain,

the minimum chain length necessary for realizing the radius can be estimated by the

condition F (RF )/kBT À 1. The validity of Eq. (1.6) using Eq. (1.7) is therefore

determined by [26]

N >
n3

τ 2
. (1.8)

Literature values of the second virial coefficient obtained from light scattering data for

λ-DNA are in the range of v2 = 1.06×10−5 µm3 [28], at ionic strength of I > 1 M NaCl.

This gives for the solvent quality factor a value of τ = 2.12. For DNA n ' 50 and

therefore excluded volume effects should become prominent for N > 27800 monomers.

This gives a number of Kuhn segments N ′ = 550. For DNA where the Kuhn segments

have a length of 0.1 µm, excluded volume effect becomes important for a contour

length bigger than 55 µm under this high salt conditions. Verma et al. [29] reported

for the second virial coefficient a value of v2 = (3.2±0.8)×10−5 µm3 for DNA in 10 mM

tris-HCl, 0.1 mM EDTA pH 8.0), which results in τ = 6.4 and therefore excluded

volume interactions becomes relevant already at contour lengths L > 610 nm, again

assuming a Kuhn length of 0.1 µm.

3The contour length is given by L = N ′2lp = Na.
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1.3 Elasticity of DNA

Sufficiently long DNA adopts in solution a random coil conformation which maximizes

its entropy. Pulling at one end reduces this entropy and costs energy. Because we

consider only an entropic free energy one assumes for the force F , necessary to extend

the end-to-end distance of DNA, to have a functional form as

F (x) =
kBT

lp
g(x), (1.9)

where x = z/L0 is the dimensionless elongation of the polymer having a contour

length of L0 and which is stretched out to a length z and g(x) is an unknown scaling

function. For an extension of the polymer by an amount of z ¿ L0 the entropy

loss causes a free energy cost of stretching of F = 3kBTz2/(2Rg)
2. By taking the

derivative of F with respect to z one gets the usual entropic force-extension curve of

a polymer with Kuhn segments of length 2lp at low forces [21, 7]:

F (x) =
3kBT

2lp

z

L0

. (1.10)

PS has a Kuhn length of ∼ 1 nm which gives a force of ∼ 4.1 pN for an elongation

of x = 0.1. Due to its big persistence length of lp ∼ 50 nm the force to extend the

end-to-end distance of DNA to x = 0.1 is ∼ 3 fN. This is very soft compared to PS.

For forces beyond kBT/lp the entropic force extension relation becomes nonlinear

[7, 30, 31] and is discussed in the following. Since the high intrinsic stiffness of DNA

the conformation is described by a space curve ~r(s), where s is the arc length. The

tangent vector ~t = ∂~r
∂s

is a unit vector assuming a fixed distance of the base pairs.

The energy costs of bending is well described by fundamental elasticity theory and

is proportional to the squared local curvature of the polymer [14], and one gets the

Hamiltonian of the worm-like chain model (WLC) [30, 31]:

E = kBT lp

∫ L0

0

(
∂~t

∂s

)2

ds− Fz (1.11)

The force F can therefore considered as a Lagrange multiplier which fixes the end-

to-end distance z as a constraint during the minimization of E[~r(s)] . There is no

exact analytical solution of the partition function with the Hamiltonian (1.11), but
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numerical solution are obtained by Marko et al. [7] and Bouchiat et al. [32].

In the strong stretching limit which is outlined in [7], one arrives at analytical expres-

sions for F (z). In the strong stretching limit the tangent vector fluctuates slightly

around the direction of the applied force. Due to the inextensibility condition |~t| = 1

one gets for the z component of the tangent vector in first order tz ' 1− 1
2
~t⊥

2
, where

~t⊥ = [tx ty] is the two component vector formed by the two transverse components tx
and ty of ~t. Because of the relation

z = L0 − 1

2

∫ L0

0

~t⊥
2
ds (1.12)

Eq. (1.11) can be written as

E

kBT
=

∫ L0

0


lp

(
∂~t

∂s

)2

+
1

2

F

kBT
~t⊥

2


 ds− F

kBT
L0. (1.13)

Note that the integral in Eq. (1.12) describes the length hidden in bending fluctu-

ations while the chain is extended to length z. Due to the approximation
(

∂~t
∂s

)2 '
1
2

(
∂~t⊥
∂s

)2
, Eq. (1.11) reads in the strong stretching limit as

E

kBT
=

1

2

∫ L0

0


lp

(
∂~t⊥
∂s

)2

+
F

kBT
~t⊥

2


 ds− F

kBT
L0. (1.14)

Fourier transforming of (1.14) leads to a decoupling of the energy in normal modes

and one obtains:

E

kBT
=

1

4π

∫ qmax

0

(
lpq

2 +
F

kBT

)
|~T⊥(q)|2dq − F

kBT
L0. (1.15)

Where ~T⊥(q) =
∫

eiqs~t⊥(s)ds is the Fourier transform of the transverse fluctuations
~t⊥(s). Note that the bracket in the integral of Eq. (1.15) can be interpreted as an

energy density 4πk(q) =
(
lpq

2 + F
kBT

)
of the mode q. Therefore according to the

equipartition theorem4, which states that on average each mode carries an energy of

kBT , the transverse tangent vector ~T⊥(q) is thus associated with the thermal energy

by the relation 4π
2

k(q)~T⊥(q)2 = 1. Due to the relation
∫

~t⊥
2
ds =

∫ ~T
2

⊥dq one can

4Note that energy is measured in units of kBT . And thus kBT = 1.
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Figure 1.3: Sketch of a strongly stretched polymer. Inside the length scale Lq bending
fluctuations are not straightened out. Thus a contour length l is stored inside this
length scale.

rewrite Eq. (1.12) and obtains for the mean extension 〈z〉:

〈z〉 = L0 − 1

2

∫ qmax

0

~T⊥
2
dq (1.16)

= L0 − 1

π

∫ qmax

0

1

lpq2 + F
kBT

dq. (1.17)

The integral is
√

(ξ/lp) arctan(qmax

√
ξlp) with ξ = kBT/F . The maximal wave vector

qmax is determined by the inverse length Lq over which the bending fluctuations of

the chain vanish due to the applied force F . In other words one needs to calculate

the length l hidden in Lq and the associated force F required to stretch it out (see

Fig. (1.3)). The hidden length l is approximated by the upper limit L2
q/lp and the

energy E ′ to straighten out the fluctuations can be written as

E ′ = Fl = F
L2

q

lp
= kBT, (1.18)

which holds for F sufficiently high, and in the last step equipartition is applied and

q2
max = (lpξc)

−1 is eventually found. Since arctan(1) = π/4 one eventually gets for the

force extension curve in the high force limit:

〈z〉
L0

= 1− 1

4

√√√√kBT

F lp
. (1.19)

This result emphasizes the difference between the worm-like chain model and the

freely jointed chain model as in the latter the extension z approaches L0 with a 1/F
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behavior [33]. By interpolation between the low-force limit Eq. (1.10) and the high

force limit Eq. (1.19) Marko and Siggia wrote the force extension behavior in a closed

analytical expression [7]:

Flp
kBT

=
z

L0

+
1

4(1− z/L0)2
− 1

4
(1.20)

The formula is asymptotically correct in the high- and low-force limits and has the

scaling properties of Eq. (1.9) required by the entropic nature of the force. It is worth

mentioning that it is possible to obtain the same result by means of a rigorous finite

renormalization group iteration [34].
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Chapter 2

Functionalizing and visualizing

DNA

Molecular biology provides a variety of techniques for engineering DNA on a molecular

level, which are developed for cloning and manipulation of genes [35]. We employed

these methods to prepare dense DNA carpets. After a short description of the used

DNA, we show how DNA can be functionalized in a way of attaching only the end to

a surface. The efficiency of the DNA functionalization is tested by gel electrophoresis.

In the next section we show how surfaces are chemically prepared for tethering DNA

to it, and the efficiency of DNA grafting is investigated. Furthermore we have studied

the kinetics of specific DNA binding onto a surface. After that we present methods for

preparing DNA of various lengths and the possibility of labelling the end of a DNA

with a nanosphere is discussed. The principle of confocal fluorescence microscope

is considered briefly and the resolution power of the used microscope is determined.

Finally the procedure how DNA is stained for the use in fluorescence light microscopy

is described. The results represented in this chapter enable not only single molecule

studies but some of the results also touch questions relevant in biosensor applications.

2.1 Properties of Bacteriophage λ-DNA

Bacteriophage λ is a virus which infects the Escherichia coli bacterium1. The genome

of bacteriophage λ is 48502 bp long, has a molecular weight of 3.1× 107 Daltons and

1Phages denotes in general viruses infecting only bacteria.

23
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Figure 2.1: Restricrion map of the genome of bacteriophage λ cl835 ind1 Sam7 [36].
On the right hand side the gene positions responsible for expression of the proteins
of the bacteriophage are shown. On the left hand side the position of the cleaving
sites with the corresponding restriction enzyme is shown. Enzymes cutting DNA just
once are shown in bold type.
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the native contour length is 16.5 µm . The DNA is carried in the bacteriophage

capsule as a linear double-stranded molecule. The molecule has single-stranded 5’

complementary termini, which are 12 nucleotides in length, the so-called cohesive

termini. As soon as the bacteriophage enters a host bacterium, the cohesive ends

associate by base pairing to form a circular molecule. The backbone is not closed at

two sites 12 nucleotides apart. The open backbone is usually termed as nick. λ-DNA

is produced on a large scale by multiplication of the genome during infection of Es-

cherichia coli bacteria.

Since there are many known restriction enzymes, λ DNA is often used as a vec-

tor. This means that by insertion of a foreign DNA sequence into the sequence of

λ-DNA one can clone almost arbitrary DNA sequences. In Fig.2.1 the restriction

map of λ-DNA is shown. The sequence of the ’upper’ overhang in Fig.2.1 is 5’-

AGGTCGCCGCC-3’. The sequence of the ’lower’ overhang is complementary and

reads as 5’-GGCGGCGAGGT-3’. It is obvious to use this overhangs for attaching

special ligands to the DNA, which can be used for grafting the ends of the DNA to

a surface in a chemical well defined manner. Chemical techniques for doing this are

discussed in the following [35, 37].

2.2 Endlabelling of DNA using oligomers

The base-pairing mechanism provides an easy tool for end labelling of DNA by the

use of single-stranded oligomers. They are commercially available up to a length of

100 bp. During the synthesis it is possible to add a wide variety of different molecules

at both ends of the sequence. For example biotin, digoxigenin, thiol or different dyes.

By hybridizing an oligomer to the overhang of λ-DNA one can therefore link every

desired molecule to the end of the DNA.

The single steps for labelling DNA with oligomers are depicted in Fig.2.2. λ-DNA

is supplied in circular form. To open the circular DNA it is heated up to 75◦C for

10 to 15 minutes. Because of the unclosed backbones the double helix melts and

one gets linearized DNA. By rapid chilling of DNA on ice the molecule is quenched

in its linear conformation, having protruding 5’-ends. After that the oligomers with

complementary sequence (see the sequences which are listed above) with respect to

the overhangs are added. Due to the base-pairing mechanism the oligomers can

hybridize to the overhangs of the molecule. The hybridization can be supported by

annealing the sample to 50◦C. After one hour hybridization and cooling down to room
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Figure 2.2: Steps required for ligating oligomers to λ-DNA. Details are found in the
text. a) Circular DNA as it is delivered from the supplier. b) After heating and rapid
chilling on ice, DNA adopts a linearized form. c) Hybridization of oligomers due to
base pairing. d) The phosphate backbone is closed with T4 Ligase.
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33 µl linearized DNA stock solution in TE-buffer with concentration
c = 0.5 mg/ml or c = 0.3 mg/ml.

+1 µl oligomer complementary to one end of DNA with a concentration
c = 100 pmol/µl

+1 µl oligomer complementary to the other end of DNA with a concentration
c = 100 pmol/µl

35 µl Hybridization of the oligomers at 50◦C for 1 hour.
+5 µl Ligase Buffer 10x (provides ATP and Mg ions)
+9 µl Millipore water
+1 µl T4 Ligase (stock solution )
50 µl Reaction volume 1 hour at room temperature

Table 2.1: Protocol for end labelling of λ-DNA with the aid of a functionalized
oligomer.

temperature, T4 ligase is added, which closes the gap in the backbone between the

3’-hydroxyl group of the DNA and the 5’- phosphate termini of the oligomer2. The

exact amount of solutions taken are given in the Table 2.1. Note that the amount of

100 pmol/µl of oligomers is equivalent to about 1000× excess of oligomers over DNA

if it is used at a concentration of c = 0.3 mg/ml. The sample is chromatographically

purified with a so-called Nick column according to the manual of the manufacturer3.

Usually the DNA assay is eluted in 1× TBE buffer (pH ∼ 8.6) and the concentration

of the DNA is measured photometrically at a wavelength of 260 nm. For DNA used

at a concentration of c = 0.3 mg/ml one typically gets DNA concentrations between

13 ng/µl and 20 ng/µl in a sample volume of 400 µl. This concentrations are equivalent

with a yield of inserted DNA of 52− 80 %. At an insertion of c = 0.5 mg/ml the yield

corresponds. In principle one could scale up the amount of inserted DNA, however it

turned out that the purity4 of the end product is not as good as before. Oligomers

with different chemical tags at the 3’-end are used in the work:

Biotin (vitamin H) . The chemical formula of Biotin is C10H16N2O3S and the

molecular weight is 244.32 g/mol. Biotin is linked to the 3’-end of the oligomer

through a spacer arm. It is known to have a high specific affinity to avidin and

streptavidin with a binding constant of 10−15M−1 [38]. The oligomer is dissolved

2Providers of oligomers offers phosphorylated oligomers. Otherwise a phosphor groups can be
attached to the 5’ end of the oligomer by T4 Polynucleotide Kinase in the presence of ATP

3Amersham Bioscience, Uppsala, Sweden
4The purity of DNA is measured via the ratio of the absorbance at 260 nm and 280 nm.
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in millipore water at a concentration of 100 pmol/µl and stored in aliquots at

−18 ◦C.

Digoxigenin (dig) The molar weight of digoxigenin is 1090.7 g/mol. It is often

used in random primed labelling of DNA where dig-11-dUTP instead of of

dTTP is incorporated into DNA. Digoxigenin binds specifically to its antibody

anti-digoxigenin (anti-dig). The handling of the oligomers corresponds to the

handling of the oligomers with a biotin label.

Thiol The chemical formula is HS. Immobilization of DNA on a gold surface by

means of a thiol binding was originally developed by Zimmermann et. al. [39].

The oligomers are dissolved in millipore water and stored at −18 C◦. To avoid

cross-linking of the sulfur the anti-oxidation agent n-mercaptoethanol is added

at a concentration of 2%. Since n-mercaptoethanol is inconvenient to handle,

the use of DTT instead of n-mercapto would be a possible alternative.

All types of ligands can be ligated to both ends of the DNA, by the choice of the

appropriate sequence of the oligomer.

We checked the labelling efficiency by attaching DNA to magnetic beads having a

diameter of 2.8µm and which are functionalized with streptavidin or anti-digoxigenin,

respectively. With the bead/DNA complex an agarose gel analysis was performed.

If a DNA molecule is attached to a bead it cannot migrate into the gel and through

comparison with pure DNA the labelling efficiency can be estimated. However it

turned out that this method is not applicable in case of long λ-DNA, since no coupling

of such long DNA to beads was observed. Therefore after labelling DNA with either

biotin or digoxigenin, shorter pieces of DNA were prepared by the restriction enzyme

SfoI. This enzyme has one cleaving side along λ-DNA and results in two fragments

of 45679 base pairs and 2823 base pairs in length as one can see from Fig. 2.1. The

digestion was done according the protocol of the supplier5. For getting reasonable

signals of ethidium bromide stained DNA in gel electrophoresis one needs at least

about 100 ng DNA. To produce such an amount of fragments by cleavage of labelled

λ-DNA one needs several restriction assays. The shorter fragments were separated

from the longer fragments by means of gel electrophoresis at 50 V for 3 hours in a

0.8 % agarose gel. The short fragments were then purified from the gel with a gel

extraction kit6 and eluted in TE ( pH 8.5). Measuring the concentration of the end

5New England Biolabs
6Quiagen
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Figure 2.3: a) Immobilization of DNA functionalized with magnetic anti-dig and
streptavidin beads. The image is contrast enhanced. DNA migrated from the top to
the bottom. Lane 1: size marker. Lane 2: digoxigenin-labelled DNA with anti-dig
beads. Lane 3: supernatant from assay of lane 2. Lane 4: dig labelled DNA without
beads as intensity calibration. Lane 5: anti-dig beads with biotin-labelled DNA.
Lane 6: supernatant of from assay of lane 5. Lane 7: biotin labelled DNA without
beads. Lane 8: biotin labelled DNA and anti-dig beads. Lane 9: supernatant from
assay of lane 8. Lane 10: streptavidin coated beads with biotin labelled DNA. Lane
11: supernatant from assay of lane 10. b) Intensity measured in grey levels of the
lanes in the gel. The intensity is locally background corrected and is normalized to
the maximal level. The intensities are taken from the original image, which was not
contrast enhanced.
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product gave typically concentrations of 5.1 ng/µl DNA.

For coupling of the DNA to the beads, the DNA concentration was adjusted to

10 ng/µl by ethanol precipitation and the pellet was resuspended in TE buffer. The

beads were washed according to the instruction of the supplier7. For the streptavidin

beads the supplier reports a binding capacity of 10−12 Mol of free biotin, and for

digoxigenin the supplier specified binding capacity is 5 × 10−13 Mol of free anti-dig

for 1 mg of beads. The concentration of the beads were 0.01 mg/µl. 10µl of each

species of beads were incubated with 100 ng DNA. This corresponds to a 18-fold

excess of beads with respect to the maximal binding capacity in the case of anti-dig

beads and to a 10-fold excess in case of streptavidin beads. After 30 minutes at

room temperature the beads were magnetically separated and the supernatant and

the resuspended beads were stored for gel analysis purpose separately. In order to get

an estimate for the unspecific binding of the DNA to the beads dig-labelled DNA was

incubated with streptavidin beads and vice versa for streptavidin labelled DNA. All

assays were analyzed in a 0.8 % agarose gel at 50 V for 3 hours. The ethidium bromide

stained gel is shown in Fig.2.3(a), and in Fig.2.3.b the fluorescent intensities within

the bands are shown. In general one can see that for assays consisting of labelled

DNA and beads functionalized with complementary antibodies no band is visible.

However the supernatant of bead/DNA solutions still gives a band due to unbound

DNA. In table 2.2 the assignments of the lanes and the contained intensities are

shown, which are proportional to the amount of DNA within a band. In summary we

can conclude that the ligation of oligomers to DNA works well and most of the DNA

is functionalized with either digoxigenin or biotin. The estimated coupling efficiency

is deduced in the caption of Table 2.2. Of course the values are only rough estimates

because of errors induced during handling of the samples. However it has been shown

that we functionalized DNA specifically with biotin and digoxigenin and this allows

now to attach DNA to a solid substrate, which is described next.

7Streptavidin beads were purchased from Dynal, and the anti-dig beads were purchased from
Roche
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Lane description Intensity [sum of
grey levels]

1 DNA size markers. Several bands are visible.
2 dig labelled DNA with anti-dig beads.

No Intensity because DNA is immobilized 0
3 Supernatant from assay of Lane 2.

Low intensity from unbound DNA. 2.5× 103

4 Pure DNA, (100 ng) as
intensity calibration. 1.47× 104

5 anti-dig beads with biotin labelled DNA,
for estimating the unspecific binding. 0

6 Supernatant from assay of Lane 5.
High Intensity because all DNA in supernatant. 1.04× 104

7 Pure DNA, (100 ng) as
intensity calibration. 1.6× 104

8 anti-dig beads with biotin labelled DNA,
for estimating the unspecific binding. 0

9 Supernatant from assay of Lane 8.
High Intensity because all DNA in supernatant. 9.73× 103

10 Biotin labelled DNA with streptavidin beads.
No Intensity because DNA is immobilized 0

11 Supernatant from assay of Lane 10.
Low intensity from unbound DNA. 4.4× 103

Table 2.2: Description of the samples in each lines and the corresponding intensities,
which are the sum of the gray-levels within a lane. The band in lane 4 is about 83%
more intense than the band of lane 3. This corresponds to a coupling efficiency of
83% for dig labelled DNA with anti-dig coated beads. Lane 5, lane 6 is a control for
unspecific binding. Only about 65% of the intensity of pure DNA (lane 7) is recovered
in lane 6. The missing fluorescence intensity is probably due to nonspecific binding
of the biotin labelled DNA to the anti-dig coated beads. For biotin labelled DNA
the comparison of the intensities of lane 11 and lane 7 results in a coupling efficiency
of 72.5%. However one can deduce from lane 9 and lane 4 a nonspecific binding of
around 34%. This relatively high nonspecific binding is probably because of the big
excess of beads. In the case of biotin labelled DNA a coupling efficiency of 77% was
obtained in another gel experiment (data not shown).
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2.3 Attaching DNA to a surface

2.3.1 Surface treatment

Figure 2.4: Functionalization of a glass surface with streptavidin and anti-digoxigenin.
In the last step R denotes either streptavidin or anti-digoxigenin.

Immobilization of short single-stranded DNA (ssDNA) on a surface is used in

biotechnology for rapid sequencing of DNA [40, 41, 42]. Attaching of longer DNA

by one end is used for example in combing experiments of DNA [43, 44, 45] which

provides a new method for optical restriction mapping of genes on a single molecule

level. Most of the protocols uses the formation of self assembled monolayers (SAM)

of silane on OH-groups at glass surfaces. The principle of the used chemistry is shown

in Fig.2.4. The protocol in detail consists of the following steps.

Cleaning of the coverslips The coverslips are normally made from borosilicate

glass (D263). If the glass is very dirty and dust is visible, it is rinsed with

isopropanol, acetone and water (in this succession), and if necessary ultrasoni-

cated in water. Then the coverslips are cleaned in Piranha water, which consists

of 50% concentrated sulfuric acid (H2SO4) and of 50% H2O2 (25%), four 1 hour.
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The mixture is not only a very strong acid but mixing of the two ingredients

results in a strong exothermal reaction, and care has to be taken for the heat

during handling the mixture and a temperature stable container is needed. The

coverslips are thoroughly rinsed with water and then dried with pure nitrogen.

Silanization The dry coverslips are silanized for 1 hour in a solution of 2% (v/v)

3-amino-propyltriethoxysilane (APTES) in pure ethanol (p.a.). One should

avoid water to get into contact with the dissolved APTES, because it induces

polymerization of the APTES and formation of SiO2 particles. If this happens

a white precipitate is visible on the coverslips, and we discard the coverslips.

The excess silane is removed by extensively washing with ethanol (p.a.). At this

stage a batch of coverslips is stored dry or in ethanol.

Glutaraldehyde To the amino group of the silane glutaraldehyde is covalently

bound, which is commonly used in biology for fixation of biomolecules and

cells for microscopy purpose. Therefore a drop of glutaraldehyde (used as sup-

plied) is put onto the slide for 30 minutes. To avoid evaporation the incubation

is done in a wet chamber at room temperature. The sample is then washed

several times with PBS buffer.

Coverage with Streptavidin/anti-digoxigenin For covering the surface with strep-

tavidin a droplet of streptavidin solution is put onto the surface. The standard

concentration is 0.1 mg/ml in PBS. For functionalization with anti-digoxigenin

a standard concentration of 0.05 mg/ml in PBS is used. The incubation time

is 1 hour in a wet chamber. The sample is washed several times with 1×TBE

buffer (pH ∼ 8.6), and ready for use. The protein coverage causes a strong wet-

ting of water and therefore one can assess the success of coverage by watching

the wetting behavior of water on the functionalized spot.

From literature it is known that streptavidin can be visualized by AFM if it is ad-

sorbed on mica [46, 47]. We therefore tried to measure the degree of coverage of

streptavidin on glass by AFM. In Fig. 2.5 a few typical AFM images acquired in tap-

ping mode are shown. Because of its better contrast the phase signal, which reflects a

change in the interaction between the AFM tip and the substrate, is shown. In gen-

eral the AFM images without streptavidin appears flat (see Fig. 2.5(a)). Streptavidin

appears as discrete spots or as aggregates (see Fig. 2.5.b and 2.5(c) ). The concentra-

tion of the inserted strepatvidin solution in Fig.2.5(c) is less than in Fig.2.5.b but it
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Figure 2.5: A set of Afm Images of strepatavidin covered glas surfaces. The phase
signal of the AFM is shown. a) Pure glass. The bright spot is probably dirt. b)
Strepativdin concentration 10 µg/mul. Drift degraded the image. And the strepta-
vidin is visible as bright stripes c) Strepativdin concentration 0.5 µg/µl. Streptavidin
appears as bright spots and aggregates.

seems as if the surface coverage is higher in Fig. 2.5(c), which is not expected. It was

not possible to get quantitative and consistent results, with respect to the inserted

streptavidin concentrations. The goal to characterize the streptavidin coverage by

AFM imaging was therefore abandoned.

For coupling DNA onto a gold surface we evaporated first few nanometers of chromium,

as an adhesion agent onto a coverslip, because gold does not adhere to glass directly.

Then gold is evaporated. The exact thickness depends on the experiment one wants

to perform. For fluorescence microscopy on an inverted microscope such as it it is

described in Sec.2.3.2 one needs very thin layers to be able to detect fluorescence

signal through the layer. Typically 1 nm of chromium and 14 nm of gold are sufficient

to get a fluorescence signal of thiol-linked, fluorescently labelled DNA. Above a gold

thickness of ∼ 25 nm the gold film is not transparent anymore. For force experi-

ments as they are described in Chapter 4 we evaporated typically a layer thickness of

∼ 70 nm gold. After evaporation the surfaces are ready to use for attaching DNA. It

is very important to do this immediately after breaking the vacuum of the evapora-

tion chamber, because the gold layer loses very rapidly its capability to bind to thiol

groups. The reason of this inhibition of the gold surface is not clear. It could be due

to water as it comes from the humidity of air and which inhibits the binding sites of
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Figure 2.6: a) Fluorescence microscope image of a DNA carpet on a strepatvidin
surface. The DNA appears as bright spots. The field of view is around 30 µm×20 µm.
b) DNA stretched by an electrical field parallel to the surface. The length of the
stretched DNA is roughly 16 µm. Obviously only one end of DNA is attached to the
surface as it is predetermined from the used surface chemistry. Note that image a)
and image b) shows two different samples.

the gold for the thiol.

2.3.2 Efficiency of surface coverage with DNA and binding

kinetics

It was reported that nonspecific binding of DNA occurs more frequently at low pH

values [48]. Therefore DNA is diluted to the desired concentration in 1×TBE at a

pH of ∼ 8.6. At this pH streptavidin is known to be negatively charged [49]. The

ionic strength of 1×TBE is reported to be roughly 45 mM at the used pH values [50].

After the preparation of the surfaces as described above a droplet of DNA solution

(typically ∼ 40 µl) is put onto the surface. For microscopy purpose DNA is stained

with YOYO-1 as it is described later. After typically 1 hour excess DNA is washed

away and only end-grafted DNA remains on the surface. It is worth mentioning that

a too small droplet volume results in bad results. This is maybe due to strong flows

induced during the washing procedure. It turned out that removing unbound DNA

is a critical step. It is of advantage first to increase the droplet in the surface with

additional liquid and then remove only a a part of the excess liquid. Therefore one

avoids strong shear flows which may breaks the DNA. After finishing the washing the
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Figure 2.7: Grafting density of DNA as a function of concentration of surface pro-
teins. The error bars represent the standard deviation of the counted molecules at
at least four different spots. left: Grafting density for streptavidin/biotin coupling.
DNA concentration 1.3 ng/µl. At a streptavidin concentration of ∼ 0.5 mg/ml the
surface density seems to saturate. The incubation time was 1 hour. right: Grafting
density for anti-digoxigenin/digoxigenin coupling. DNA concentration 2.4 ng/µl. The
efficiency of grafting is much less compared to the streptavidin/biotin binding. The
incubation time of the protein binding was 1 hour and of the DNA binding it was 2
hours.

samples can be inspected by fluorescence microscopy8 and end-grafted DNA appears

as bright fluctuating dots, which do not show diffusive motion of the center of mass.

Fig. 2.6(a) shows a typical microscope images of a DNA carpet. There are two ways

how one can confirm that DNA is attached to the surface: first after washing of the

surface there is no fluorescence signal visible but very close to the surface DNA is

visible indicating that only immobilized DNA remains after the washing procedure.

For confirming that DNA is really attached only at one end we stretched the DNA

in an electric field. This is shown in Fig. 2.6(b). Obviously all DNA molecules are

end-attached.

Next the dependency of DNA grafting density on the amount of used surface protein

streptavidin and digoxigenin is discussed. Therefore the number of molecules within

a certain area is measured as a function of the amount of protein covering the surface.

8The details of the used microscope are described later in this work.
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The molecules were counted by binarisation of the microscope images using a thresh-

old which has been chosen by inspection of the resulting binary image. In Fig.2.7 the

measured grafting density is plotted for surfaces functionalized with different concen-

tration of streptavidin and anti-digoxigenin. In both cases the grafting density clearly

increases with increasing concentration of proteins used for covering the surface. Un-

fortunately the grafting density in the case of anti-digoxigenin/digoxigenin coupling

is strongly reduced compared to streptavidin/biotin coupling.

Former experiments have shown that the grafting densities of DNA in case of anti-

digoxigenine/digoxigenine coupling is comparable to the streptavidin/biotin coupling

(Data not shown because no highly sensitive camera was available at that time.) The

reason why we are not able to get similar coupling efficiencies for anti-digoxigenin

and streptavidin is not clear. In order to enhance the binding capacity of digoxigenin-

labelled DNA we tried different digoxigenin labelled oligomers and tried incubation

conditions under various salt concentrations as well as blocking solutions but the

grafting density was every time very small compared to the streptavidin/biotin cou-

pling, so further experiments are necessary.

For experiments requiring an efficient two-sided grafting of DNA, as they are de-

scribed in Chap.4 ,we used only the gold/thiol and streptavidin/biotin chemistry. In

Fig.2.8 the tethering efficiency of DNA to this two distinct surfaces is shown. There is

a linear dependence of the grafting density on the inserted bulk DNA concentration.

For number densities larger than about 0.14 /µm2 the thresholding of the image no

longer resolves the single DNA molecules correctly due to overlapping of the fluores-

cence signal from adjacent molecules. To determine the number densities of DNA at

higher concentrations it would be desirable to measure the integral of the fluorescence

signal and correlate this value with the number density of grafted DNA. However this

is not an easy task because of uncontrolled and highly variable background fluores-

cence [51] by YOYO-1 adsorbed to the surface.

It is important to note that the concentration of the used bulk DNA in Fig.2.8.(b) is

maybe a factor of 2 higher, because of unknown dilution condition during the exper-

iment. However the slope as it is obtained in Fig.2.8 of 0.072 µl
ngµm2 yields a number

density of 0.094 /µm2 for a bulk density of 1.3 ng/µl. This value is comparable to

the value found in the saturated regime of Fig.2.7 and one can conclude the bulk

concentrations shown at the x-axis of Fig.2.8(b) is likely to be correct.

To gain further insights into the binding mechanism of biotin-functionalized λ-DNA

to a streptavidin surface the dependence of the surface density to the bulk density at
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Figure 2.8: Grafting densities of DNA as a function of inserted bulk concentration.
For grafting densities above ∼ 0.14 µm2 the counting is not reliable anymore, because
the images of the single DNA molecules do overlap. Error bars are the standard
deviation of an ensemble of at least 3 spots at a given concentration. a) Grafting
density on freshly prepared gold surfaces. Incubation time was 2 hours. Red line:
linear fit through the experimental points. The slope is 0.074 µl

ngµm2 .b) Grafting

density on strepatvidin surfaces (cstreptavidin = 0.1 mg/ml). Incubation time 1 hours.
Red line: linear fit through the experimental points. The slope is 0.072 µl

ngµm2 .

a reduced incubation time of 1 minute is determined. That means after 1 minute the

slide is washed with the buffer. One finds again a linear relationship between the bulk

density and surface density of the end-grafted molecules, as it is shown in Fig.2.9.

The slope of the linear fit is s = 0.016 µl
ngµm2 . Note that 1 ng/µl DNA corresponds

to a number density of 1.9× 107 molecules/µl which is equal to 0.019 molecules/µm3.

The slope s in units of µm reads then as s = 0.84 µm, which can be interpreted as

how many molecules located within a distance of 0.84 µm above the surface at time

t = 0 have bound to the surface after a time t1 = 1 min. For this short incubation

time the diffusion of the DNA molecules itself does not play a relevant role.

To study the influence of diffusion of the whole molecule, we measured the binding

kinetics of DNA at longer time scales, for three different bulk concentrations. Over

the experimentally accessible range of surface concentrations we found a power law



2.3. ATTACHING DNA TO A SURFACE 39

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

 experimental data
 linear fit

nu
m

be
r d

en
si

ty
 D

N
A

 [1
/

m
2 ]

DNA concentration [ng/ l]

Figure 2.9: Surface density of DNA as a function of bulk concentration. The incuba-
tion time was 1 min. The red line is a linear fit to the experimental data. The slope
is 0.016 µl

ngµm2

as it is indicated in Fig.2.10. The exponent of the power law shows no significant

change as a function of concentration at the level of the accuracy of the shown data

and has a mean value of 0.288 ± 0.059. Since the power law in Fig.2.10 may result

from diffusion-controlled reaction kinetics, which has some implications in biology

[52] as well as in biosensor applications [53, 54, 55] we discuss diffusion controlled

ligand binding from a bulk solution towards a surface in a bit more detail.

In classical reaction kinetics the binding rate of chemical and non-chemical reactions

is independent of time, since the reactants are homogenously distributed in space at

any time9 t [56]. Kopelman [57] indicated that classical reaction kinetics is unsat-

isfactory when reactions are spatially constrained on the microscopic level by either

walls, phase boundaries, or force fields. This type for heterogenous reactions as they

occur at interfaces exhibits fractal orders of the surface and a temporal memory of the

biding rates [53]. How the time dependent binding rate is determined by the fractal

dimension of the surface can be easily derived adapting the arguments of references

[58, 59] to the situation under investigation. Therefore let’s cover the reactive area

9To ensure time invariance of the homogeneous distribution one may stir the reaction volume
well as it is usually done in bulk chemistry.
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Figure 2.10: left: Density of end-grafted DNA as a function of time. The surface
was covered with streptavidin at a concentration of 0.1 mg/ml. Error bars represents
the variety of density within one sample. right: The same than in the left graph
but log-log plot. Lines are fits to the experimental data. The slopes of the fit curves
corresponds to the exponent of the power law.

of the surface with circles of radius r and z is the number of circles. It is known

that z scales as ∼ r−D for r → 0 and D being the fractal dimension of the reactive

surface area10 [60]. Let us now define a volume V covering the reactive surface area

by V ∼ zr3, which results in

V = c′r3−D, (2.1)

here c′ is a constant. After a certain time t all molecules N(t) initially evenly dis-

tributed within the considered volume V are bound to the surface and create a surface

density n. With ρ denoting the number density of molecules in the bulk we can there-

fore write

n = cρr3−D. (2.2)

10This is a common way for determining the fractal dimension of a surface by the so called box
counting method, where the limes of r against zero has a cut off at the smallest length scale which
is physically relevant.
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Note that because of dimensional reasons c′ 6= c. Let us assume that the motion of the

biotin molecules is determined only by diffusion. With K being the diffusion constant

and r(t) denoting the typical distance the molecule can move within a certain time t

due to diffusion one can write the equation:

r(t) = (Kt)
1
2 , (2.3)

Substituting Eq.(2.3) in eq.(2.2) eventually yields a power law

n(t) = kth (2.4)

with h = (3−D)/2 and k a constant depending on the bulk density ρ, the diffusion

constant K and the fractal dimension D of the host space. Of course these consider-

ations can only be a preliminary attempt to explain the power law and cannot claim

to be the final conclusion. It remains for instance unclear if the fractal surface is

formed by the strepatavidin molecules (As already mentioned AFM measurements

of strepatavidin on glass seem to be difficult.). Therefore it would be interesting to

measure the exponent of the power law at different streptavidin concentrations, as-

suming that the fractal dimension of the reactive area depends on the coverage with

streptavidin. For testing the possibility that immobilized DNA itself forms a fractal

for the following DNA molecules it would be possible to measure the fractal dimen-

sion of a DNA carpet from fluorescence microscopy, or relate topological numbers

like the Euler number11 of a DNA carpet to the observed power law. It is also worth

mentioning that for random fractals typical values of h = 1/3 have been reported [56]

which is close to the value of h = 0.288 observed in our experiments.

Irreversible adsorption of proteins or colloids on a solid surface can be described as a

random sequential adsorption (RSA). In this process one attempts to place immobile

objects at random on a surface such that they do not overlap [61, 62]. This could be

an alternative approach for interpreting the observed binding kinetics in Fig.2.10. For

particle deposition it was shown that in the asymptotic limit t →∞ the coverage ap-

proaches its saturation limit with a power law [63]. In the case of polymer adsorption

Monte Carlo simulations have shown that the exponent of the power law describing

the approach of coverage toward the jamming coverage depends on the chain length

[64]. The investigation of specific binding of polymers to a surface would extend the

11It is defined as the total number of objects in the image minus the number of holes in those
objects.
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RSA description to soft objects. However for an experimental treatment the obser-

vation of the binding kinetics has to be extended to higher coverage densities, where

this quantity has to be measured from the integrated fluorescence signal.

2.4 Preparation of DNA of different length

For measuring the monomer density function of end-grafted DNA molecules, as it is is

described in Chap.3, it would be desirable to have DNA of different lengths. To make

shorter DNA of defined lengths one can use the restriction map of λ-DNA, which is

shown in Fig.2.1. We produced DNA of a size of ∼ 38 kbp by the restriction enzyme

ApaI. To do this biotin functionalized DNA is incubated with ApaI according to the

protocol provided by the supplier. If necessary the fragments are separated by means

of gel electrophoresis and extracted from the gel with a gel extraction kit according

the instruction provided by the supplier 12. By functionalizing the DNA with biotin

just at the protruding end of the 38 kbp fragment it is obviously possible to graft

38 kpb DNA, onto a streptavidin covered surface in a selective manner. Due to the

rich variety of restriction enzymes one can produce a lot of different length of DNA.

Another enzyme we used is NaeI resulting in a 20 kbp and a 28 kpb long molecule.

Experimental results and characterization of the size of the molecules by means of

optical microscopy are presented in the next chapter.

Creating longer molecules can easily be done by adding T4 ligase into a solution of

DNA and the complementary ends of DNA are ligated together, however the efficiency

of long DNA molecules to form concatemers is pretty low [65, 35]. To avoid the

creation of circular DNA we used DNA functionalized with digoxigenin at one cohesive

end and a second DNA functionalized with biotin at the other cohesive end, which

ensures the formation of dimers only. To ensure the molecules grafted to a streptavidin

coated surface being monodisperse and consisting mainly of dimers we used a 50 fold

excess of dig-labelled DNA to enhance the probability for biotin labelled DNA to

form a dimer. We checked the building of dimers by gel electrophoresis. However due

to the logarithmic dependency of the mobility of DNA at the molecular weight in an

agarose gel, the resolution power of dc electrophoresis is not enough for getting distinct

bands for molecules of a size of 48 kbp and 96 kbp [35]. We therefore developed an

indirect method for the detection of dimers. By using two restriction enzymes each

12Quiagen Gmbh
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Figure 2.11: The sketch shows the different fragments obtained for a) monomeric
DNA and for b) dimeric DNA if two restriction enzymes are used for cleaving DNA
at two different cleaving sites R1 and R2. It is obvious that for monomeric DNA
one gets two fragments of length l1 and l2 respectively which one can resolve in gel
electrophoresis. In case of dimeric DNA only one fragment of length l1+l2 is obtained.
Note that the scale in the figure is not correct and the cleavage site R1 and R2 are
chosen to be ∼ 3500 bp and ∼ 2800 bp apart from the termini.

having distinct cleavage sites, one can detect the presence of dimers by analyzing

the restriction fragments small enough to be resolved by gel electrophoresis. The

principle of the method is depicted in Fig.2.11. Looking at the restriction map in

Fig.2.1 one finds that the enzymes SfoI and AscI have the properties for forming

fragments which one can resolve in dc electrophoresis. SfoI creates one fragment of

l1 ∼ 2800 bp size while Asc I produces two fragments of l1 ∼ 3500 bp length and the

second one of ∼ 16000 bp length, leading to a parasitic band in gel electrophoresis. In

the presence of dimers a fragment of length l1 + l2 ' 6300 bp is additionally formed

and a corresponding band should be visible in gel electrophoresis. In Fig.2.12 an

0.8 % agarose gel is shown after an electric field of 80 V was applied for 3 hours. In

lane 1 and lane 3 the bands are created by size markers for calibration purpose. Lane

2 contains the assay to be analyzed. Because only 2% of the used DNA are able to

form dimers, the sum of the intensities of the 2800 bp band and 3500 bp band should

be 50 times stronger than the one of the 6300 bp band. By summing up the gray

levels in each band we found that in the bands at 2800 bp and 3500 bp a factor of

39 more DNA than in the band associated with 6300 bp, which would mean that one

had lost some monomeric DNA. This is somewhat less than expected but due to the

small signals and due unavoidable pipeting errors we expect also an high error. In
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Figure 2.12: Restriction enzyme assay for the detection of dimers of λ-DNA. Lane
2: Biotin functionalized DNA is ligated with a 50 times excess of digoxigenin labelled
DNA and then digests with Sfo I and Asc I. Lane 1 and Lane3 are size markers.
In Lane 2 the two bands corresponding to 2800 bp and 3500 bp respectively belong to
the cutting of monomeric DNA. Near 6300 bp a very weak band is visible indicating
clearly the presence of dimers. Due to the weak signal on needs to visualize the signal
separately. Between 9000 bp and 2300 bp a forth band is visible, which is due to the
second cleavage site of Asc I. DNA bigger than 23000 bp is still λ-DNA.

addition to the use of ligase in one reaction tube may cause the enzymatic reaction

not distributed equally over the inserted ingredients. However the gel indicates clearly

that all DNA functionalized with biotin formed dimers, and by spotting this sample

on a streptavidin covered surface one gets monodisperse DNA having a length of

96 kbp.

2.5 Segment-selective labelling of λ-DNA

For a detailed investigation of the conformation of DNA using confocal fluorescence

microscopy (CFM) it would be desirable to visualize a well defined segment of the

molecule. In this section we describe how the end of λ-DNA can be visualized. First

trials to ligate small DNA fragments pre-stained with a dye (BOBO-1) to long DNA

molecules, stained with a different dye (YOYO-1), failed because the intercalating
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Figure 2.13: Verifying the binding capacity of TransFluospheres to biotin labelled
2800 bp fragments of λ-DNA by agarose gel electrophoresis. The DNA migrated
from right to left. a) Agarose gel analysis of TransFluospheres/DNA complex.
The assignment of the bands and the measured intensities of the bands are given
in Tab.2.3. Lanes 1-3: DNA functionalized with Biotin and TransFluospheres in
different buffers. Lanes 4-5: DNA functionalized with digoxigenein and TransFluo-
spheres in different buffers as a measure for unspecific binding. Lane6: pure DNA
in Ademtech buffer. Lane 7: size markers. b) Influence of the used buffer to the
intesities of the bands. Lane 1: Size marker DNA in TBE. Lane 2: Size markers
DNA in Ademtech buffer. Lane 3: Size markers DNA and TransFluospheres in
TBE. Lane 4: Size markers DNA and TransFluospheres in Ademtech buffer. Lanes
5-8: The same as Lanes 1-4 but with λ-DNA.

dyes usually diffuse over the whole binding sites of the molecule.

Another approach is to bind fluorescent colloidal particles at the end of the DNA.

We used avidin-coated spheres with a diameter of 100 nm called Transfluosphere

Neutravidin13. These spheres show an emission maximum at 605 nm and can be ex-

cited at a wavelength of 488 nm. Avidin should specifically couple to biotin similar

to streptavidin [38].

We checked whether DNA functionalized with biotin couples to the beads by gel

electrophoresis analysis. DNA coupled to the beads should be immobilized and do

not migrate during gel electrophoresis. Since we never found immobilized DNA in

gel electrophoresis in case of λ-DNA we cut biotin functionalized λ-DNA with SfoI

13Molecular Probes, Leiden
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Lane description Intensity [grey levels]
test for specific binding
with biotin functionalized DNA
and TransFluospheres

1 incubation in Ademtech buffer 1.66× 104

2 incubation in PBS. 2.24× 104

3 incubation in TBE 2.60× 104

test for unspecific binding
with dioxigenin functionalized DNA
and TransFluospheres

4 in Ademtech buffer 3.12× 104

5 in PBS 2.93× 104

Control DNA

6 pure DNA in Ademtech buffer 1.79× 104

Table 2.3: Assignment of the lanes in Fig.2.13(a). The measured Intensities in gray
levels are given in the third row.

and extracted the 2800 bp fragment by gel electrophoresis with a gel extraction kit14.

10 ng of the fragment dissolved in 8 µl TE buffer and 4 µl stock solution of well ultra-

sonicated Transfluospheres were mixed corresponding to a 2-fold excess of beads over

the DNA.

Incubation was done in 3 different buffers. First a phosphate buffer supplied by

Ademtech was used, which we refer as Ademtech buffer, and which is specially de-

signed for attaching DNA to small beads. Secondly the coupling of DNA to Trans-

Fluospheres were done in PBS (pH ∼ 8.0) and in a third batch the coupling were

performed in TBE (pH ∼ 8.5). The concentrations of the buffer in the end reac-

tion volume was adjusted to be 1×. For instance 8 µl 2.5×TBE were added to 12µl

DNA/bead solution which gives a concentration of 1×TBE in the end reaction vol-

ume. After 3 hours incubation time under gentle shaking, the assays were applied

to a 1.2% agarose gel for 1 hours at 100 V. In Fig.2.13(a) the image of the ethidium

bromide stained gel is shown. The first three lanes show bands of weak intensities

corresponding to the incubation of DNA with TransFluospheres in the three different

buffers. In lanes 3 and 4 the test is done for unspecific binding, by incubating dig-

labelled DNA with the TransFluospheres. From the intensities of the bands of Tab.

14Quiagen Gmbh, Hilden
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2.3 one can read off that due to immobilization of the DNA to the beads the bands of

lane 1-4 are weaker than the bands of Lane 5 and 6. This observation confirms that

there is a specific coupling of the 2800 bp DNA fragment functionalized with biotin

to the TransFluospheres. Unfortunately the band in lane 6 intended for calibration

purpose has less intensity than the bands in lane 4 and 5, and therefore no quantifi-

cation is possible. To solve this problem we investigated the influence of the buffer

system to the gel electrophoresis. The results are shown in Fig.2.13(b), for λ-DNA

and for size marker DNA one can see that the bands of the samples containing DNA

in Ademtech buffer but no TransFluospheres are highly smeared out (lane 2 and 6).

Astonishingly the DNA samples prepared in Ademtech buffer but with additional

TransFluospheres do not show this effect, and this is why it is disadvantageous to

use DNA in Ademtech buffer for calibration purpose. The reason for this influence of

the buffer without TransFluospheres remains unclear. In summary one can conclude

from the presented gel electrophoresis experiments that the biotin labelled 2800 bp

DNA binds specifically to the TransFluospheres.

After the verification of the binding properties of the TransFluospheres, different

strategies for coupling of long λ−DNA to beads are possible. One way is first to couple

the 2800 bp fragments to the spheres and then try to re-ligate the bead/DNA complex

to the long fragment of λ-DNA. However neither gel electrophoresis nor fluorescence

microscopy investigations revealed a positive result. The second way is to incubate

the beads with biotinylated oligomers and then ligate the oligomers to λ−DNA.

According to the specifications of the manufacturer the maximum biotin binding ca-

pacity of the TransFluospheres is 6 nmol biotin per 1 mg beads. We mixed a stock

solution of spheres with biotin-labelled oligomers, where the amount of oligomers

is adjusted such as to carry the amount of biotin corresponding to the maximum

biotin binding capacity of the spheres, for instance 1 µl oligomers at 100 pmoles/µl

corresponds to 17µl stock solution of TransFluoSpheres. The assay is incubated at

37◦ C for 30 minutes. After cooling the sample to room temperature, DNA function-

alized with biotin at one end is added to a solution of beads covered with oligomers.

Hybridization is performed for 1 hour at 50◦ C. After cooling to room temperature

ligation is performed in ligase buffer with T4 ligase according to the specification

of the manufacturer. After diluting the sample appropriately a droplet is put onto

a streptavidin functionalized glass surface and after carefully washing the surface is

inspected with fluorescence microscopy. For the method described above we found

indeed some TransFluospheres with confined diffusive behavior as one would expect
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Figure 2.14: Images of a bead/DNA complex stretched in an electric field as it is ob-
served by fluorescent microscopy. The excitation wavelength was 488 nm and emission
was observed for wavelengths > 500 nm. From left to right one can see the stretching
of a stained DNA molecule in a dc electric field and the succeeding relaxation to the
equilibrium position. In addition as it is indicated by the red arrow at the end of
the DNA a stronger signal is observable which belongs to the sphere. By observing
fluorescence emission at ∼ 600 nm only the spheres is visible but no DNA (data not
shown)

for a sphere at a chain which is tethered to a wall. For a clear verification of the

endlabelling we applied an electric field by introducing two platin electrodes into the

sample to see whether after elongation of the DNA the spheres relax to equilibrium

position. A few snapshots of the movie are shown in Fig.2.14. One can clearly see

how DNA extends in an electric field and how the relaxation occurs after switch-off

the electric field.

It is important to note that the labelling of the λ-DNA with the TransFluospheres oc-

curs only with a very poor efficiency. Typically one finds only a few molecule tethered

at the wall and carrying a sphere. However usually one finds many spheres immobi-

lized at the surface indicating a strong attractive interaction between sphere and the

functionalized glass surface (the same holds for gold surfaces). Quite frequently one

can observe DNA in the vicinity of a bead at the surface and it seems that DNA is

end-attached to the bead but because of the interaction of the bead with the surface

the whole complex adheres to the glass in an unspecific manner. This assumption is

supported by the microscopical observation of a bead/DNA complex, which was end-

grafted to the substrate but after a while it adhered unspecifically to the streptavidin
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surface. The use of surfactant such as Tween 20 or pluronic PE 4300 did not cause

any improvements up to now. To improve the protocol one still needs more variations

of the relevant parameters such as pH, ionic strength, surfactant and so on. Also the

possibility of the use of different spheres should be considered, in order to enhance

the number of end-tethered molecules carrying a bead.

2.6 Visualizing DNA by confocal microscopy.

2.6.1 Confocal fluorescence microscopy

In conventional light microscopy the focal plane of the objective is imaged onto the

image plane by means of a tube lens. In confocal microscopy one point of the focal

plane of the objective is imaged through a pinhole onto the image plane. The role of

the pinhole in this configuration is to remove out-of-focus light collected by the imper-

fect objective and thus enhance slightly the lateral and, to a higher extent, the axial

resolution of the microscope. This principle allows the 3-dimensional reconstruction

of a specimen by scanning over different the focal planes. For a detailed description of

confocal microscopy see e.g. [66]. Of course the use of the pinhole requires a scanning

of either the sample or of the pinhole to cover the whole field of view which limits the

rate of image acquisition. In this work a inverted microscope Axiovert15 200 equipped

with an Ultraview LCI confocal scanner16 is used. Instead of one pinhole the scanner

uses a spinning pinhole disk consisting of 24 pinholes enabling real-time imaging of

the sample in the confocal operation mode. The principle is depicted in Fig.2.15. As

one can see, a second disk with micro-lenses which are accurately aligned with the

pinholes in the first disk is additionally used. Light is focused by the micro-lenses

onto the pinholes, which increases the illumination of the sample. This increased

illumination power is important for fluorescence microscopy where the sample itself

is stained with a fluorescent dye.

Only the fluorescent light is imaged onto the CCD camera by means of a dichroic

mirror. The resolution of the microscope can be characterized by the determination

of the point spread function (PSF). The point spread function is the response of

the optical system to a point like object, usually modelled as a δ-function. From

elementary diffraction theory it is known that the image obtained by linear optical

15Zeiss, Göttingen
16PerkinElmer, Cambridge
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Figure 2.15: Principle of Nipkow-disk confocal fluorescence microscope. Figure taken
from [67]. The sample is illuminated through an array of pinholes located on a
spinning disk (Nipkow-disk), producing an array of diffraction limited foci on the
sample. To enhance illumination power a second disk containing an array of micro-
lenses is used. The fluorescence is imaged through the pinboles onto a sensitive CCD
camera. For this purpose a dichroic mirror (DM) is placed between the pinhole array
and the micro-lenses array.

elements is the convolution between the real image and the PSF [66]. For determin-

ing the PSF we imaged a fluorescent sphere of 100 nm diameter in water on a glass

substrate. In Fig.2.16(a) a 3-dimensional reconstruction of the fluorescence image is

shown. Clearly one can see an asymmetry of the image. The orientation in space

of the PSF depends on the position of the sphere at the field of view therefore we

characterized the resolution power by the fluorescence intensity density. They are

obtained by determining the area of the signal for each slice in Fig.2.16(a) in each

spatial dimension. Determining the intensity by summing up the greylevels within

each area and normalizing this integrated intensity gives the local density profile in

each spatial dimension. The profiles are shown in Fig.2.16(b)-d. The full width at

half maximum (FWHM) for the extension obtained from the experimental points are

0.674 µm in the x-direction direction and 0.665 µm in the y-direction. In z-direction

we found a FWHM of 0.712 µm. Even though due to the asymmetric form of the 3-d

PSF the functional dependence of the profiles is distinct from a Gaussian behavior

we fitted a Gauss function to each profile. The standard deviation of the fitted Gaus-

sians are 2σx = 0.572 µm and 2σy = 0.579 µm in x and y direction. In z direction one

gets 2σz = 0.651 µm. For testing the capability of the microscope, we measured the
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Figure 2.16: PSF of the confocal microscope. a) 3-dimensional Iso-surface recon-
struction of a sphere with diameter 100 nm. b)-d): Normalized intensity density
profiles in the two lateral extensions (b,c) and in the axial extension (d). Error bars
represents the standard deviation from the mean of 5 distinct spheres. Lines are fits
to Gauss functions.

density profiles of fluorescent colloids of several diameters17. For each density profile

the FWHM and the standard deviation obtained from a fit to a Gauss function is

determined. The measured quantities as a function of the diameter of the spheres

are presented in Fig.2.17. As one can see it should be possible to measure intensity

profiles of objects down to a size of about 500 nm.

17According the specifications of the suppliers.
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Figure 2.17: Measured diameters of colloids as a function of true diameter. a) Lateral
dimensions of colloids. A linear relationship between the diameter and the FWHM
of the measured profiles (filled triangles). A linear fit gives a slope close to unity. For
the standard deviation of the fitted Gaussian to the sphere profiles we found a linear
relationship as well (blue squares), but with a smaller slope. b) Axial dimensions
of the colloids. The measured diameters shows basically the same behavior as in a).
However the kink indicating the limit of diffraction at graph a) is not visible in b).
The open triangles are spheres created by the computer and numerically convoluted
with the PSF of Fig.2.16.

2.6.2 Staining DNA with YOYO

YOYO-1 is a fluorescent dye molecule having an adsorption maximum at a wave-

length of 491 nm and an emission maximum at 509 nm and is usually referred to as a

bis-intercalator, due to hydrophobic interactions [68, 3]. However its possible that it

has electrostatic and groove binding modes as well [69]. It influences DNA not only

structurally but it is also positively charged [69]. YOYO-1 has a very high affinity

to DNA, with a binding constant of 6.0 × 108 M−1. It provides a very high signal-

to-background ratio since binding of YOYO-1 to DNA leads to an about 500fold

enhancement of fluorescence over the unbound molecule [69], allowing the visualiza-

tion of single DNA molecules. In all images shown in this work DNA was stained at

a ratio of 1:5 [YOYO:bp]. In order to prevent photo-induced breakage of the DNA

and to reduce bleaching of the dye we used a oxygen scavenger, which is added to
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all buffers during observation of the samples. It consists of: 0.1 mg/ml glucose ox-

idase, 0.04 mg/ml catalase, 5 mg/ml glucose and 0.1 M DTT. In literature usually

n-mercaptoethanol is used instead of DTT, but because of its unpleasant olfactory

properties DTT is a comfortable alternative. The antibleaching system is stored at

−18◦C but one should avoid frequent thawing and freezing because of the limited

stability of DTT in water. Usually we can observe DNA for up to 5 minutes without

a considerably bleaching of the signal .

2.7 Summary and Outlook

In this chapter techniques are described for grafting DNA onto a glass or a gold sur-

face. Due to the distinct ligands bound to the different ends of DNA it should also

be possible to attach DNA on a streptavidin-coated glass surface and a gold surface

simultaneously. Preliminary results of such experiments are discussed in chapter 4.

However the grafting density of a DNA carpet coupled to a anti-digoxigenin covered

glass surface has still to be improved. Furthermore it would be desirable to enhance

the yield of DNA labelled with a nanosphere, as it is discussed in section 2.5.

In 2.3.2 some interesting features of the specific binding kinetics of DNA onto a surface

are described. In addition to the continuing experiments mentioned there, it would

be interesting to perform more measurements of the surface density dependence of

the bulk density of DNA at different incubation times as it is shown in Fig.2.8(b) and

Fig.2.9. The slope of the bulk density dependent binding characteristics as a function

of incubation time could give informations about the two relevant diffusion processes

which occur at probably two different time scales. At short incubation time the sur-

face density is dominated by the diffusion of the biotin attached to the end of the

DNA and at long incubation time the center-of-mass diffusion of the DNA itself dom-

inates the surface density. The first one is governed by internal modes of the DNA,

whereas the latter is determined by the slow diffusion of the whole DNA molecule,

which has a diffusion constant of about 0.47 µm2/s [70]. Such investigations could

touch interesting problems of polymeric carrier systems and in biosensor applications

[53, 54, 55]. If it is possible to separate the timescales of DNA diffusion and ligand dif-

fusion it would be interesting to investigate the role of polymer length as well [71, 72].

By using the integral fluorescence intensity instead of counting the single DNA molecules

it should be possible to find the limit of grafting density and if one could reach the

brush regime (see e.g. [73]). Due to the possibility of labelling one end of the DNA
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with a nanosphere the behavior a polymer inside a brush could be observed, however

it should be noted that it seems to be very difficult to reach the brush regime [74].



Chapter 3

Conformations of end-grafted DNA

Polymers are playing a major role in nature and technique as well. In nature most

macromolecules inside a cell such as, DNA, RNA, cytoskeletal proteins and other pro-

teins are polymers formed by evolution to enable life. In daily life polymers are used

in modern materials like all kinds of plastics, but also in food industry, as coatings of

surfaces and as lubricants.

Despite the rich variety of the chemical details of the polymers many properties of

polymeric materials are universal in the sense that chemical details are not of impor-

tance, but depend on the conformations of the polymers. Because DNA can be visual-

ized with an optical microscope it has become an important model polymer for many

problems of polymer physics. For example the non-Newtonian fluid properties like

flow dependent viscosity and turbulent-drag reduction result from flow induced poly-

mer conformations [75]. Single DNA molecules were observed with fluorescence mi-

croscopy in extensional flow, steady shear flow and uniform flow [76, 77, 78, 79, 80, 81]

demonstrating the importance of polymer conformations and hydrodynamic interac-

tions between polymer segments.

Another example is the behavior of charged polymers like DNA in an electric field

which is of technological relevance in biotechnology because of the separation capac-

ity of electrophoresis. However in contrast to the conformation studies of DNA in a

hydrodynamic flow less experimental data are available [82, 83].

This chapter is split into two parts. First stretching of DNA by means of an electrical

field, attached to a surface is discussed and we present measurements on the static

properties of elongated DNA as well as some preliminary data on conformation dy-

namics of the stretched DNA.

55
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The second part presents measurements of end-grafted polymers in the mushroom

regime and compares density profile measurements with theoretical predictions [84].

3.1 DNA stretched in an electric field

3.1.1 Stretching DNA with an electric field

The behavior of polyelectrolytes, like dsDNA, ssDNA or proteins in an electric field

is of tremendous technical importance since electrophoretic methods are widely used

for analyzing charged macromolecules. In particular gel electrophoresis has become

a major tool for separating purpose as well as sequencing purposes. However the

physical mechanism of separation is still not fully understood [85]. The migration

of the polyelectrolyte through the medium with a velocity of ve induces a viscous

friction which balances the force caused by the electric field. The force balance can

be expressed in the simple equation

λEL0 = ξve, (3.1)

where λ denotes the line charge density, L0 the length of the polyelectrolyte and

ξ is the friction coefficient of the polymer. For a rod of length l and diameter d

in a solvent with viscosity η, the friction1 is given by ξ ∼ ηl ln l
d

and for a sphere

of radius d, ξ = 6πηd, see e.g. [4]. The counterions located within a radius of

about the Debye length κ−1 forming a double layer of charges which cause an electro-

osmotic flow. The counterions screens the hydrodynamic interactions and shear of

the surrounding liquid is essentially restricted to a cylinder within the Debye length.

The hydrodynamic interactions caused by the field induced translation of the polymer

through the solvent are therefore screened and DNA can be thought as free draining

[85]. In other words the flow can pass the polymer without perturbation. More

precisely this is expressed by the fact that long distance hydrodynamic coupling of

the polyelectrolyte motion with the surrounding fluid decays as (1/κr)3, instead of of

1/r as in the Zimm case [85]. One consequence of the free draining behavior is that

DNA under free electrophoresis conditions do not deform. The friction coefficient ξ

of a free draining polymer was shown to scale like ξ ∼ 3πηL0 [86]. With equation

3.1 the electrophoretic velocity ve becomes independent of the polymer length and no

1At low Reynolds number.
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length dependent electrophoretic separation occurs during free electrophoresis.

The first measurements on the deformation of end-tethered DNA in an electrical field

were done by Schurr et al. [87]. DNA was anchored with the aid of an agarose gel

and the interpretation of the stretching data was done in the framework of the freely

joint chain model [82]. The action of the electric field on DNA had been described in

terms of dipole interactions of DNA segments with the field which results in a mean

orientation of the DNA segments described by a Langevin function. The extension

of the DNA in this naive theory is then obtained by summing the mean orientation

of all segments. This theory is capable to cover some very basic features of the

experiments of reference [87]. However very recently Ferree et al. [83] performed

very carefully prepared experiments on end-tethered DNA molecules, in which they

had excluded electro-osmosis at the surface, and have shown that the extension of

DNA is described very well by a numerical model of Stigter et. al. [88] without any

adjustable parameter. In this model the tension Ti on each Kuhn segment i is the

sum of the forces on all segments with index greater than i,

Ti =
N∑

j=i+1

Fj (3.2)

defining the segment at the anchor point having an index i = 1. The force Fi at

each segment i is calculated from hydrodynamic drag necessary to compensate free

electrophoresis (similar to eq.3.1) using the electrophoretic velocity vei of the segments

as they are known from Gouy-Chapman theory2 of rods. In this way the authors

included the interaction of the field with the counterions. Hydrodynamic interactions

are taken into acount by adding the flow perturbation ∆uij caused by the segments

j at segment i. This leads to the equation for the electrophoretic force

Fi = fivei + 6πηai

∑

j 6=i

∆uij. (3.3)

The friction of the flow field ∆uij is described by a sphere of radius ai which is equiv-

alent to the segment. Orientation of the segments are taken into account by using

projections of the vei parallel and perpendicular to the applied field. For relating the

force with the extension they used the inverse relation of eq.1.20. The model requires

2Gouy-Chapman theory describes the electric potential of a body within an electrolyte due to
surface charges.
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an iterative calculation procedure, cycling between the tension and orientation until

self-consistency is found.

It was also shown that the extension of DNA stretched in a uniform flow [76] and

the extension of DNA in an electric field as a function of contour length scales in the

same way [83]. More precisely the extension as a function of vL0.54
0 , where v denotes

the flow velocity and L0 the contour length, scales for not too high extensions in

the same way like the extension as a function of µEL0.54
0 , where E denotes the ap-

plied field and µ is the electrophoretic velocity of DNA. This so-called hydrodynamic

equivalence was pointed out by Long et al. [89]. It is caused by the fact that if DNA

is tethered at one end the center of mass of the DNA does not move through the

solvent and the hydrodynamic interactions are not screened out anymore as in the

case of free electrophoresis and DNA can not be considered as free draining anymore.

For hydrodynamic stretching it has experimentally been shown that DNA can not be

thought as free draining up to a stretching of 80 % of the contour length [76]. This

is indicated by scaling of the extension as L0.54
0 whereas in the case of free draining

the scaling of the extension should scale as L0. In a bead-spring model it has also

been found that the scaling exponent is length dependent [79], that is, for molecules

longer than ∼ 80 µm the exponent increases to a value of 0.75. In summary it was

shown that end-tethered DNA exposed to an electric field is not free draining as it is

the case for free DNA.

3.1.2 Electrophoretic stretching of DNA: static measurements

We have performed electrokinetic stretching experiments at two different geometries.

A microscope coverslip was covered with ∼ 1 nm chromium, as an adhesive agent, and

∼ 12 nm Au by vapor deposition. The DNA was end-attached to the gold surface

and from the top a platinum wire was introduced into the buffer solution as a second

electrode. By applying an electric field DNA is stretched perpendicular to the sur-

face. Because the gold layer is thin enough one can still see the DNA molecules with

fluorescence microscopy. In Fig.3.1(a) a sketch of the geometry is shown. Fig.3.1(b)

shows the geometry where DNA is stretched horizontally along the surface. A cover-

slip is covered with a chromium and a gold layer leaving an uncovered gap of ∼ 1 cm

width. The layer thickness is not of importance but typical values are 5 nm chromium

and 50− 70 nm gold. In Fig.3.2 the extension versus the applied voltage for vertical
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Figure 3.1: Different geometries used for electrokinetic stretching of DNA. a)Vertical
stretching b) Horizontal stretching.
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Figure 3.2: triangles: Vertical extension of DNA perpendicular to the surface (Data
with permission from J. Koota). DNA in TBE Buffer (pH 8.6). The extension was
obtained by identifying a molecule in a fluorescence image and measuring the number
of slices in which the fluorescence signal is visible. Distance of the electrodes ∼ 1 mm
Line: Current-voltage characteristic of gold surface with platinum electrode, the
current is given at the right y-axis.
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Figure 3.3: 3-d visualization of the fluorescence intensity of a single DNA molecule.
a) Unstretched molecule. b) Stretched molecule . Applied voltage was 3.2 V.

stretching in TBE (pH 8.6) is shown. In the same graph the current voltage charac-

teristic of the buffer is shown. Above a threshold voltage of 2.5 V the buffer shows

ohmic behavior. The threshold value depends on the buffer, the pH of the buffer and

it is also specific for the material the electrodes are made of. Since the current density

j is related to the electrical field E by j = σE, where σ denotes the conductivity of

the electrolyte, the threshold indicates the start of electrophoretic stretching of DNA,

as it is illustrated by Fig.3.2. Above the threshold voltage electrolysis starts and bub-

bles are formed at the electrodes3, which may disturb the measurements. At voltages

below 2.5 V one could speculate from the data there is already a trend of the DNA

to extend a bit without a current. This deformation could be caused by gathering of

positive charge near the gold surface. However we would like to stress the fact that

the quality of the presented data does not allow to fix this conclusion at all, and it is

purely speculative. But it could motivate to repeat this type of experiments.

Since the electrophoretic stretching of DNA induces a nonconstant tension along the

DNA, it should become more and more floppy with increasing distance from the

tethering point [7]. This effect should be visible in the transversal fluctuations of

the DNA. Therefore consider the electrophoretic force Fe acting at a monomer at

distance z apart from the tethering point in longitudinal direction. The transverse

displacement δr of the monomer are related to the force by Fe = k⊥δr. For the trans-

verse spring constant it was shown that k⊥ = F/x, where x is the extension of the

3H2 at the cathode and O2 at the anode.
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Figure 3.4: Local tension of stretched DNA. The dashed lines indicating the resolution
limit as it is obtained from Fig.2.17. left: Applied voltage below the threshold
voltage. No stretching occurs. Error bars reflecting the standard deviation within
a sample of about 5 molecules. right: Local tension of stretched molecules for two
different applied voltages. Error bars are not shown because of better visibility, but
are in the same order of magnitude than at the left side.

monomer from its equilibrium position [90, 91]. By equipartition it is easy to obtain

the following equation :
F

x
=

kbT

〈δr2〉 (3.4)

We measured 〈δr2〉1/2 by fitting a 2 dimensional Gauss functions to the fluorescence

intensity distribution at a given focal plane, as they are shown in Fig.3.3. The trans-

verse fluctuations 〈δr2〉1/2 were identified with the the standard deviations σ of the

fitted gauss functions. From Fig.2.17(a) one can read off the minimal reasonable mea-

surable standard deviation is around σ = 0.32 µm. This translates into a maximal

measurable tension of about σ−2 = 9.7 kBT/µm2. The first three points of the curves

having huge error bars reflecting the limited resolution of the optical system. But

from the data it is clearly visible that in case where no stretching occurs the tension

is constant, whereas a nonconstant tension is visible in case of stretched DNA. It is

possible to fit a power law to the local tension F/x and one gets an exponent of −0.5

for the weakly stretched polymer and for the stronger stretched polymer the exponent

is −0.42.
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Figure 3.5: Triangles: Measured extension of DNA as a function of applied voltage.
Distance of the electrodes 1 cm. Line: Best fit the to WLC-model Eq.1.20 with a
contour length of 19.8 µm.

We also stretched DNA horizontally along the surface of the coverslip as it is illus-

trated in Fig.3.1(b), because the extension can very easily detected by measuring the

length of the visible portion of DNA at a single focal plane close to the substrate

(see Fig2.6). In Fig.3.5 the extension as a function of the applied voltage is shown.

Perkins et al. [78] demonstrated that a molecule of DNA tethered in a uniform flow

behaves as if it is stretched by forces applied at two extremities, and Ferree et al.

[83] found that the same holds true for stretching DNA in an electric field. Follow-

ing these authors one can determine the contour length of DNA by fitting the data

of Fig.3.5 to Eq.1.20. Comparing the correlation coefficients of the fits for different

contour lengths, we found that a contour length of 19.8 µm gives the best fit. It has

been shown from crystallographic data that the DNA helix is extended by ∼ 4 Å per

intercalated YOYO molecule [92]. The dye:bp ratio of 1 : 5 employed in this work

leads to a contour length of 20.4 µm, which is in very good agreement to the value

obtained by the WLC fit. At full saturation of the DNA with YOYO-1 an increase

of the contour length to 22.4 µm [78] and for a dye:bp ratio of 1 : 8 a contour length

of 18.4 µm has been reported in [83].

It would be desirable to extend the data towards higher extensions. But during
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stretching, DNA suddenly sticks to the surface. This sticking process occurs over

the whole sample at the same time (on the time scale of observation). The sticking

happens earlier the stronger the field is, and above about 16 V sticking occurs almost

simultaneously. The reason for this is not known, but it restricts the observation

time. This effect limits the observation time as well a the maximal stretching one can

achieve reliable.

3.1.3 Electrophoretic stretching of DNA: time-resolved mea-

surements

Methods

Figure 3.6: left: Time series of DNA stretched in a horizontal E-field. Time interval
between each image: 66.7 ms. Images are contrast enhanced. The length of the image
is 12.7 µm. right: Contours of the DNA as it is detected by the tracking software.
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To extend the description of an end-grafted polymer stretched in an electric field

it is of interest to study the dynamical behavior. To do this one has first to track the

contour of a stretched molecule at any time. To slow down the motion of the polymer

and thus enhance the time resolution, the viscosity of the solvent is increased by

adding glycerol (density ρ = 1.258 g/cm3) into the buffer. The buffer conditions used

for the results presented here are TBE 1X with anti-bleaching system to which 30 %

(V/V) glycerol is added. This corresponds to an concentration of 37.7 % (wt/wt)

glycerol and the viscosity at room temperature is around 3.3 cP [93]. Experiments

with a higher concentration of glycerol failed, since unspecific sticking occurred after

a short time of applied field. The exposure time of the camera was 66.7 ms which

corresponds to a video rate of around 15 frames per second. The binning of the camera

was 2x2 pixel which corresponds to a pixel resolution of 130 nm/pixel. Typically about

2500 images are recorded. The images are then imported into Matlab equipped with

the image processing toolbox for analysis purpose. Noise reduction is performed

by convolution of the images with a 2 dimensional Gauss function with a standard

deviation of 1 Pixel. The contour is tracked by a home written software using the

image processing toolbox of Matlab. The algorithm tracks from an user defined

starting point the line of maximal fluorescence intensity from left to right with the

constraint of continuity . Because of the narrow focal plane of the confocal microscope

the software has to detect if DNA is partly out out of focus what results in a reduced

fluorescence intensity or even in a vanishing fluorescence intensity. The tracking is

therefore done in two steps. First a long range search is performed, meaning that

from the last tracked pixel a pixel of maximal intensity within an user defined area is

detected. Then this pixel is connected with the last tracked pixel under the condition

that tracked pixels are just diagonally or longitudinally connected. This mimics a

continuously differentiable function, as one would expect for the contour of DNA.

As long range search area a cone with a length of typically 5 pixels and an opening

angle of about 90◦ is used. For detecting the end of the molecule a threshold is

defined with the aid of an algorithm implemented in Matlab [94]. If no pixels above

this threshold are located right from the last detected pixel the end of the DNA is

reached. In Fig.3.6 5 images of DNA and the corresponding tracked contours are

shown. One could think about other techniques for detecting the contour, like fitting

a gaussian to the intensity profiles on each column of an image, or applying edge

detecting filters like a Canny filter or looking for the line with a minimal change of

the gradient and it is may worth to try out different methods. However the main
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Figure 3.7: left: Histogram of the end-to-end distance of DNA molecules stretched
by an electric field. The mean value is found to be 78.7 pixels which corresponds to
10.23 µm and the second moment of the distribution is 6.35 which is equal to 0.82 µm
pixels.(1 pixel corresponds to 0.13 nm) right: Histogram of the contour length of
the stretched DNA, as it is obtained by taking the curve integral over the tracked
contour. The mean value is found to be 83.59 which corresponds to 10.87 µm and the
second moment of the distribution is 7.03 pixels which is equal to 0.91 µm. Almost
2000 images were used for the histograms.

handicap of contour detection is the fact that we used a confocal microscope and one

has to counter balance the out-of-focus motion of the DNA by the image processing

software.

From the detected contour the transverse displacement of the contour of the DNA

from a base line is determined. The direction of the electric field and the anchoring

point define the base line. The amplitude is typical in the range of few pixels.

Results

From the contour image it is possible to extract first the end-to-end distance and

secondly one can determine the visible contour length by computing the integral

over the contour length. In Fig.3.7 two typical histograms of the distributions of

the end-to-end distance and of the visible contour length are shown. Most of the

outliers at small extension are caused by fluctuations of the DNA out of the focal
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Figure 3.8: Tension within an DNA molecules. Extension of DNA 10.2 µm. The the
behavior of the local tension is in agreement with Fig.3.4.

plane, and thus no fluorescence signal is visible. The mean extension of the DNA is

(10.2±0.82) µm and the mean over the integrated contour lengths is (10.9±0.91) µm.

The distribution of the contour lengths is broader than the distribution of the end-

to-end distance. This is expected since it exists more than one contour conformations

realizing a given end-to-end distance.

Similar to the case of static measurements the mean square displacement < δr2 >

of the transverse fluctuations are of interest in order to apply equipartition. From

time resolved measurements we measured this quantity in a bit different way than in

case of the static measurements. From the tracked DNA contour we measured the

transverse deflection u(x, t) at each time t, and x denotes the x-axis as it is defined

by the direction od the electric field and the anchoring point of the DNA. The width

of the side to side excursions are determined by generating the histogram of the

deflections of ∼ 1900 images at each x and fitting the histograms to gauss functions.

We identified the standard deviations of the histograms with < δr2 > which we then

used to determine the local tension according Eq.3.4. The local tension is shown in

Fig.3.8. Again it is possible to fit a power law to the experimental data and the

exponent of −0.44 agrees fairly well with the exponent of −0.42 obtained in Fig.3.4

for DNA at almost the same extension.

The knowledge of the transversal displacement u(x, t) of the contour of the polymer at
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each time t suggest to perform a mode analysis of the thermal polymer fluctuations.

Therefore we decomposed the displacement field u(x, t) into functions ei(x) by

u(x, t) =
∑

i

ai(t)ei(x). (3.5)

The whole time dependence is put into the coefficients ai(t), and ei(x) depends just

on the longitudinal position x of a DNA segment. By using orthogonal functions ei(x)

it is possible to obtain the coefficients ai(t) and of particular interest is the correlation

function

Cij(t) = 〈ai(0)aj(t)〉. (3.6)

If Cij(t) is diagonal the modes ei(x) are eigenmodes of the stretched DNA. In gen-

eral, the ei(x) depend on the model for the polymer dynamics and on the boundary

conditions. Eigenmode analysis was done for DNA fixed at both extremities with

tweezers [95] and DNA attached to a surface with both extremities [96], but no data

are available for DNA with one free end. Depending on hydrodynamic interaction

two analytical eigenfunction have been reported in literature for a polymer attached

at one end. The first case describes a polymer with strong hydrodynamic interac-

tions, which prevents a flow from penetrating into the polymer and yields to the

non-draining polymer model (nd). In this picture the Pincus blobs of the polymers

are impenetrable for the flow and the blob size increases with increasing distance from

the tethering point. It is possible to decouple the equation of motion for each blob

within the framework of the rouse equations which leads to the eigenmodes [97]

ei(x) = J0

(
ki

√
x

L0

)
. (3.7)

J0 is the Bessel function of zero order, ki is the i’th zero of J0, x is the extension of

the polymer and L0 the contour length. This blob picture leads to a trumpet like

average conformation of the polymer with a hyperbolic envelope [97].

The second case is the completely free draining (fd) limit which results in eigenmodes

[98]

ei(x) = cos

(
π

2
(2i− 1)

√
x

L0

)
. (3.8)

In Fig.3.9 an example is shown for the decay of the autocorrelation functions, as it is

obtained by the non-draining model for DNA stretched to a length of 10.5 µm. We
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Figure 3.9: Illustrative example of the decay of the mode correlation function. DNA
was stretched horizontally to an extension of 10.5 µm and around 3000 images were
evaluated. The monomer displacement was decomposed into modes according Eq.3.7
for the non-draining model. a) C11(t) does not go to zero in the long time limit. b)
C22(t) and C33(t) decay faster than C11(t).

made a mode analysis for the free draining model as well and get comparable results.

The main feature one can clearly observe is a decay oft the correlation functions but

C11(t) does not vanish for long times (not even for t → 10 sec). The mean of the

non-diagonal elements Cij(t) are not zero, but there is no decay visible (data not

shown). If the functions Eq.3.8 or Eq.3.7 are the eigenmodes of the present polymer

system, the non-diagonal elements Cij are zero and the diagonal elements Cii are

vanishing for long t. That this is not the case is not astonishing because neither

Eq.3.8 nor Eq.3.7 describes the influence of the wall [99]. Also the influence of the

nonconstant end-to-end distance on the eigenmodes should be investigated in more

detail. Intrinsic errors because of poor data quality/analysis cannot be excluded.

However these results represents the actual status quo and should be regarded as

a feasibility study. The further steps required are obvious. First the non-diagonal

correlation matrix Cij as it is obtained by the first decomposition of Eq.3.7 or Eq.3.8

can be diagonalized. In other words the functions Eq.3.7 or Eq.3.8 are expressed

in terms of the true eigenfunctions of the problem. This approach has to be shown

to be model independent [95]. By determining the correlation times of the diagonal

elements of the new matrix one gets the dispersion relation which should sensitively
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reflect the presence of hydrodynamic interaction. In case of DNA fixed at both ends

it was shown that the correlation times obey a power law ∼ p−b, p being the mode

index and the exponent b tends to approach 2 with increasing stretching of the DNA,

which is the signature of the Rouse model [21].

3.1.4 Summary and Outlook

In this chapter experiments have been presented on the behavior of DNA under the

influence of an electric field. The contour length of dye-intercalated DNA is measured

by measuring the stretching as a function of the electric field. The obtained contour

length is in agreement with data available in literature. We measured the local ten-

sion of DNA stretched perpendicular to a surface. For two typical examples we found

a decrease of the tension following a power law, with an exponent that decreases with

increasing stretching of the DNA. Whether this decrease is a signature of change of

hydrodynamic interactions due to the change of polymer conformations is an unclear

and to our knowledge data available in literature cannot clarify these question in

case of electro-hydrodynamic stretching. Since with the confocal microscope one can

measure parallel and perpendicular to the wall one could investigate the influence of

the surface which is known to screen hydrodynamic interactions [100, 101] and future

measurements could be compared with available theories [102, 79].

Concerning dynamical measurements software was developed which is able to detect

the time-resolved contour of DNA. This could lead to investigations of dynamical

properties of DNA attached at only one end, which is a more ”natural” situation

than DNA fixed at both extremities considered previously [95, 96]. Investigating

polymer dynamics near surfaces could be important for an understanding of bound-

ary lubrication and drag reduction in polymer solutions. Characterization of the

fluctuation of DNA may also have some impact in characterization of protein/DNA

interactions as as it is suggested in [96, 103].

Labelling of DNA with a nanosphere at one end suggests some interesting experi-

ments. By observation of the fluctuation of the bead one can deduce the force acting

on the end of polymer by equipartition. This allows to measure the force-extension

curve of DNA without the need of micromanipulation devices, which may result in

very elegant elasticity measurements on DNA.

However serious experimental problems still have to be solved. First, as already men-

tioned, the adhesion of stretched DNA onto the surface has to be avoided. Therefore
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an efficient blocking of the wall against sticking would be necessary. A well-known

problem in electrophoresis techniques in confined geometries is the presence of elec-

troosmosis due to the double layer of charges in the vicinity of the charged surface

[85]. Electro-osmose can be reduced by coating the surface with a neutral polymer

[83] or by enhancing the viscosity of the solvent. Another approach could be the use

of conductive surfaces because the electrical potential difference between the surface

and the solvent should be reduced, resulting in a less prominent double layer.

3.2 3-D static conformations of end attached DNA

3.2.1 Grafted polymers at a surface

Polymers anchored to solid substrates are important for many technical applications,

such as the stabilization of colloids against coagulation, adhesion, or lubrication [104].

In biology polymers anchored to lipid bilayer membranes play an important role for

cellular recognition. Theory and computer simulations [22] show that the conforma-

tion of end-anchored polymers in a good solvent depends strongly on the density of

polymers on the substrate: at low densities interactions between neighboring polymer

chains can be neglected, and the chain has a roughly isotropic ’mushroom’ conforma-

tion whose linear dimension is similar to the radius of gyration, Rg ∼ N ν , of the free

(non-grafted) chain. At higher surface densities σ > 1/(πR2
g) the mushroom regime

crosses over to a semidilute ’brush’ regime where the chains are extended. Here the

thickness h of the brush is governed by a balance between the entropy favoring a

coiled state, and the excluded volume interaction between chain segments that lead

to a swelling of the free chain.

In particular dense brushes of neutral polymers have been intensely studied by neu-

tron scattering and reflectivity measurements. Auroy et al.[105] confirmed the scaling

theory predictions for the dependence of the brush height h on the grafting density σ

and on the molecular weight M , using PDMS (poly-methyl-siloxane) grafted to porous

silica beads. For PDMS in a good solvent they found h ∼ Mσ1/3, in accordance with

scaling and mean-field theories [106, 22]. Recently the onset of interaction of diblock

copolymers grafted on a surface was determined to occur at σπR2
g ' 3.8 [74].

Segment density profiles Φ(z) extracted from the reflectivity data [107, 108] of brushes

are roughly parabolical, showing a roughly parabolic decay of Φ(z) with z, in qualita-

tive agreement with numerical self-consistent field (SCF) calculations and simulations
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which show profiles which are flat near the surface and decay with a tail for large z

[22]. As the grafting density is decreased to cross the border between the brush and

the mushroom regime, segment density profiles are expected to change qualitatively.

The reduction of inter-chain repulsion leads to a contraction of the chain. The ulti-

mate contraction to a pancake-like conformation should, however, be suppressed by

the strongly repulsive wall and the excluded-volume interactions entailed by a pile-

up of chain segments near the wall. For distances z < Rg in the mushroom regime

σR2
g < 1 one can apply simple scaling considerations [100]. At a distance z ∼ Rg of

the wall the monomer density is expected to be equal to the concentration inside a

single unperturbed coil, N/R3
g (N being the number of monomers), times the frac-

tion of wall area occupied by the coils, σR2
g. The monomer density is thus given by

Φ(z ≈ Rg) ∼ σNR−1
g ∼ N1−ν [84]. The monomer density is expected not to depend

on N near the wall and to vanish for z → 0. For z = Rg one interpolates between

the expected behavior for z ¿ Rg and for z = Rg by a power law Φ(z) ∼ zξ and one

obtains [100, 84]

Φ(z) ∼ zξ, (3.9)

with ξ = (1 − ν)/ν. In the excluded-volume regime ν = 0.588 and ξ = 0.7. The

asymptotical behavior for z > Rg is predicted in a Pincus blob picture to behave like

[84] (and reference 55 therein):

Φ(z) ∼
(

z

Rg

)−1.611

exp


−0.137

(
z

Rg

)2.427

 (3.10)

The interpolation between Eq.3.9 and Eq.3.10 describing the overall monomer density

of an end-grafted polymer within a good solvent eventually leads to [84]

Φ(z) ∝
(

z

Rg

)−0.3 [
erfc

(
z

2Rg

)
− erfc

(
z

Rg

)]
. (3.11)

In case of an end-tethered polymer in an θ-solvent the monomer density is well rep-

resented by [109, 84]

Φ(z) ∝ erfc

(
z

2Rg

)
− erfc

(
z

Rg

)
. (3.12)

Although the mushroom regime is expected to represent the simplest situation of

a broken symmetry for polymer statistics, it is experimentally much less studied
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than the brush regime. This is in part due to low signal in neutron scattering and

reflectivity experiments from isolated polymers, in part due to the non-negligible

chain length distribution in synthetic polymers, which requires extensive modelling

for the extraction of accurate segment density profiles from neutron scattering or

reflectivity data. The only attempt to extract density profiles from experimental data

at low grafting densities known to us is the one by Field et al. [107]. In this work

measured neutron reflectivity data were described with a Schultz-type distribution4

Φ(z), assuming a power law scaling of Φ(z) at short distances with a scaling exponent

ζ = 2/3. However, the scaling assumption is expected to be valid only for very long

chains, which is not the case for the molecular weights used in their experiments.

Furthermore, no experimental density profiles are available for different molecular

weights that would allow to test the predicted scaling of the profile with the reduced

distance z/Rg. In the next section we present the first direct measurements of the

segment density profile Φ(z) of isolated polymers end-attached to a solid wall, using

single λ-DNA molecules labelled with a fluorescent dye that allows them to be imaged

with confocal fluorescence microscopy capable to resolve the DNA in z direction.

3.2.2 Monomer density distribution of DNA grafted on a

surface: experiments

Methods

We measured the monomer density distribution with the experimental configuration

as it is essentially shown in Fig.3.1(a). DNA stained with YOYO-1 at a concentration

of 1 dye molecule per 5 base pairs is attached to a streptavidin coated surface of a

coverslip as it is descriped in chapter 2. For getting molecules well separated at the

surface we chosen typical concentrations of ∼ 0.5 ng/µl DNA and 5 minutes incuba-

tion time. The coverslip is fixed with highly viscous vacuum grease to the bottom

of a plexiglass block having a center bore defining the sample area. After carefully

washing the sample several times with TBE (TBE 1x, pH 8.6, with anti-bleaching

agents.), the block is put onto the microscope. The stability can be increased by

putting a heavy metal block onto the plexiglass. Data acquisition was typically done

with an exposure time between 600 ms and 800 ms per frame and the spacing between

successive focal planes were 100 nm. Depending on the length of DNA which was used

4This is a product of a power law and an exponential
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Figure 3.10: Visualization of a typical single fluorescent λ-DNA, with a contour length
of 19.8 µm. Average over 5 scans. a) Isosurface of volume data.b) Fluorescence
intensity distributions of 5 slices of the volume data. In each slice the fluorescence
signal within the area area occupied by DNA is determined and then normalized with
the occupation area.

we performed scans of the focal planes within a range of 5 µm to 10µm. Typically

5 to 8 scans were performed and images were averaged with Matlab. Depending

on the experiment one run of data acquisition took between 3 minutes and 5 min-

utes. To reduce high frequency noise each slice was convoluted with a 2-dimensional

Gaussian having a standard deviation of 1.5 pixel. Background is determined by

the mean intensity of a region near the DNA signal in each image. In Fig. 3.10 a

typical 3-dimensional reconstruction of the background-corrected fluorescence signal

is shown, which visualizes nicely the mean conformation of a polymer mushroom. In

Fig.3.10(a) an isosurface representation of the volume data is shown and Fig.3.10(b)

shows 5 slices of the volume data where the fluorescence intensity is color coded. Since

the fluorescence intensity of a given volume is proportional to the monomer density

the fluorescence signal within a focal plane reflects the monomer density. To measure

the monomer density ρ(z) the grey level image is first binarized. The threshold was

defined by the mean intensity plus the standard deviation of the intensity distribution

of the background-corrected image. The area occupied by the DNA was determined

from the foreground pixels of the resulting black-and-white image. The integrated in-

tensity within this area was divided with the area and the whole procedure results in

the monomer density distribution ρ(z). Note that the measured density distribution

is the true density function convoluted with the PSF of the microscope. Fig.3.11(a)

shows ρ(z) for 10 λ-DNA molecules with a contour length of 19.8µm. The value of
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Figure 3.11: a) Monomer density profiles of 10 λ-DNA molecules as a function of
distance from the surface. The values at negative distances are due to the broadening
of the real profile due to the point spread function. b) Detection of the surface
position with the fluorescence signal of the glass surface. Points: measured intensity
profile. Note the increased level of fluorescence inside the glass surface probably due
to autofluorescence of the glass. Red line: Fit to a Gauss function: the maximum
value is at position 1.80 µm which is identified with the glass surface. The standard
deviation of 0.496 µm agrees with the width of the PSF in z-direction (see Fig.2.16).

z = 0 indicates the position of the surface, and due to the PSF a fluorescence signal

is visible for z < 0. For each molecule the position of the surface is determined in a

way illustrated in Fig.3.11(b).

To get an idea on the resolution capabilities of the method we compared the density

profile of λ-DNA in Fig.3.12(a) with the density profile of a sphere with a diameter

of 1 µm. One can clearly see the difference between the monomer density of DNA

with the the monomer density of a fluorescent sphere. The average of the data of

Fig.3.11(a) is shown. Since each molecule has its individual z-axis, one has to define

bins in the z-axis and average the intensity within these bins. The common z-axis is

the mean of the z positions of the molecules within the bins. The error bars which

result from this binning procedure in z position are smaller than the symbols and not

visible. In addition the density profile of the DNA molecule is in very good agreement

with the theoretical prediction Eq.3.11 with Rg = 0.842 µm. Note that for compari-

son with the experimental data the theoretical curve Eq.3.11 is numerical convoluted
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Figure 3.12: Black points: Averaged data of Fig.3.11(a). Error bars are the stan-
dard deviation of the intensities. Red Line: Eq. 3.11 for Rg = 0.842 µ m which
was convoluted with the PSF. Blue triangles: Density profile of a sphere with a
diameter of 1 µm. Green Line: Fit to a gauss function. σ = 0.649 µm.

with the PSF given in Fig.2.16.

The radius of gyration is determined by the following algorithm. The z-axis of the

experimental data is rescaled according the transformation z′ = α(z + b), with b and

α being free scaling parameters, the first accounts for a translation and the second

accounts for stretching/compressing of the experimental z-axis. The experimentally

determined function of the monomer density ρexp(z
′) is compared with the convo-

luted theoretical function Φconv(z
′/Rg) = Φ(z′/Rg) ⊗ PSF (z) for a fixed Rg in a

mean-least-square sense. More precisely the minimum of

f [z′(b, α), Rg] =
√
〈δd〉2 − 〈δd2〉, (3.13)

with δd = Φconv(z
′/Rg) − ρexp(z

′), with respect to α and b is determined under the

constraint that
∫

ρexp(z
′)dz′ = 1 and that the distance between the centers of mass

of the functions ρexp(z
′) and Φconv(z

′/Rg) is minimal 5. The parameter b takes into

5The minimum search with constraints is implemented in Matlab, by means of a maximum-
gradient search algorithm.
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Figure 3.13: a) Histogram of the measured radius of gyrations of a polydisperse
sample of concatemers. a) Average over the 14 molecules with Rg > 1.3 µm. red line
theoretical curve including excluded volume interactions for Rg = 1.42 µ

account that absolute position of the density profile is not known. Repeating this

procedure for different R′
g one gets a scaling function α(R′

g) which is well fitted by

a linear function and the true radius of gyration Rg is determined by the condition

α(Rg) = 1. If the baseline of the experimental data is not zero the mean value of the

tail of the experimental curve is subtracted.

As already mentioned it is not possible with the methods of chapter 2 to attach λ-DNA

longer than dimers at a surface and all molecules having the same length. In order to

investigate longer DNA we prepared concatemers of unspecified length and attached

them do a streptavidin-coated surface. Because this is in contrast to the monodisperse

samples we consider this sample separately. From 50 chosen molecules we determined

the radius of gyration Rg without averaging over the molecules and generated the

histogram of Rg, which is shown in Fig.3.13(a). We identify molecules having Rg >

1.3 µm as trimers and the average over the intensity profiles of these 14 molecules is

shown in Fig.3.13(b). The error bars are in the same order of magnitude as in Fig.3.12.

The radius of gyration obtained from the rescaling procedure is 1.42 µm. The average

of Rg with Rg > 1.3µm from the histogram is 〈Rg〉 = (1.49± 0.12) µm, which agrees

well with the previous value. For the class of molecules with 0.95 µm < Rg ≤ 1.3 µm

the average is 〈Rg〉 = (1.12±0.09) µm and for the third class Rg ≤ 0.95 µm we obtain
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〈Rg〉 = (0.81± 0.12) µm. Since the last value is close to the value of a monodisperse

sample of λ-DNA this result demonstrates the equivalence of determining first Rg

for a number of individual molecules and then perform the average or if one first

average over some molecules and then determine Rg. This matter of fact illustrates

the robustness of the experimental data on the choice of data processing.

Results
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Figure 3.14: Monomer densities for DNA of different length, rescaled with the mea-
sured radius of gyration. DNA shorter than 19.8 µm are cut with the restriction
enzymes NaeI and ApaI . Dimers and trimers of λ-DNA are prepared with T4-Ligase
(see Chap.2.4.) Theoretical curves convoluted with PSF with and without excluded
volume interactions are shown as black and red line.

In Fig.3.14 monomer density profiles for DNA of different contour length are

shown. The z-axis is in units of the reduced distance z/Rg, where each Rg was

measured from the profiles for each molecular size. Error bars are not shown due

to better visibility but they are in the same order of magnitude than in Fig.3.12. It

is clearly visible how the monomer density profiles for DNA with different lengths

collapses to one master curve, with exception of the smallest molecule of a length of

8.2 µm. This deviation accounts probably from the fact that the resolution limit of
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the microscope is reached. The master curve is well described by the expression for

Φ(z) eq.3.11 convoluted with the PSF. In Fig.3.15 the radius of gyration as a function

of the contour length L0 of the DNA is shown. It obeys a power law Rg ∝ Lγ
0 . For the

exponent γ one finds γ = 0.59 and γ = 0.49 depending on the methods on evaluation.

However the exponent of 0.49 shifts to a value of γ = 0.57 if one neglects the data

point at 8.2 µm. If the Rg is determined with formula Eq.3.12 which neglects the

excluded volume interaction the exponent is found to be γ = 0.60. The measured

exponents clearly indicate the presence of excluded-volume interactions which agrees

with the findings in [70]. There the radius of gyration was determined from the

diffusion of DNA molecules of several lengths by applying the Zimm model [4, 21].

However the determination of ”static” components from dynamical data is difficult

[110].

In addition to determining the overall monomer density profiles, the distribution

of the end monomer is of interest as well. With the the methods of Chap.2.5 it
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is possible to label the end of the DNA with a small fluorescent sphere. Fig.3.16

shows the fluorescence intensity density of a sphere attached to an end tethered

DNA molecule as a function from the distance of the wall. The evaluation of the

fluorescence data is the same as in the case of the overall monomer density, and we

identified the fluorescence intensity density with the density distribution Φe(z) of the

end-monomer. Because of the low efficiency of coupling of DNA to the spheres we can

average only over three molecules, which gives some uncertainty to the experimental

data. Since the spheres have a very high fluorescence signal the exposure time is

about 250 ms only and we averaged over 3 to 10 stacks. With higher exposure times

it should be possible to get data with smaller error bars. The distribution functions

Φe(z) of the end monomer of an end-grafted polymer consisting of N Kuhn segments

can be calculated within the random walk theory by the method of mirror images (see

e.g. [111, 112]). One obtains for an polymer in the WLC description and neglecting

excluded volume interaction (i.e. Eq.1.5 holds):

Φe(z) = Ce−(z−a)2/(4R2
g) − e−(z+a)2/(4R2

g) (3.14)

The distribution is normalized by the constant C, and a denotes the position of the

first monomer above the wall and a = lp is a reasonable choice. In Fig.3.16(a) Φe

is measured for λ-DNA stained with YOYO-1. The evaluation obtains a radius of

gyration of Rg = 0.77 µm and the radius of gyration of λ-DNA without YOYO-1 is

Rg = 0.66 µ m. The somewhat smaller radius of gyration in case of unstained DNA

is consistent with the increase of the contour length due to the intercalation of the

YOYO-1.

3.2.3 Summary and Outlook

In this section confocal fluorescence microscopy was applied for monomer density

profile measurements on end-grafted DNA. The results fits excellently to theoretical

predictions [84]. Also the labelling of the end monomer with a sphere with a diameter

of 100 nm results in reasonable results. The scaling of the measured radius of gyration

obtained for DNA of different sizes agrees with the exponent of ν = 0.588 for polymer

chains with excluded-volume interactions. It would be interesting if it is possible to

shift the exponent towards the scaling exponent of an ideal chain, i.e. ν = 0.5. This

could be achieved by changing the ionic strength of the solvent as it is suggested

by data reported in literature as they are presented in section 1.2.3. There the two
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Figure 3.16: a) Distribution of the end monomer, of DNA stained with YOYO-1.
Experimental data are averaged over three molecules and error bars represent the
standard deviation of these three molecules. b) Distribution of the end monomers
for DNA without YOYO-1. Experimental data are averaged over three molecules
and error bars are the standard deviation of these three molecules. Red lines: End
monomer distribution of an ideal chain convoluted with the PSF.

different reported virial coefficients results in very different lengths excluded volume

effects becomes important. Note also that the charge density of DNA is reported

to increase in TBE buffer [113], which may increase the second virial coefficient v2.

Since with confocal fluorescence microcopy the monomer density is available within

the whole configuration space it should be possible to obtain v2 in the same way

as it is possible with simulation data [84]. This would open interesting perspectives

for measuring the second virial coefficient and the behavior of polyelectrolytes in the

mushroom regime in different solvent qualities could be investigated.

The end-monomer distribution of the end-grafted DNA could be used to measure

the interaction potential of DNA with a wall for different kinds of interactions (in

Fig.3.16 we probed only with a hard wall interaction). For example by adding PEG

interaction of a semiflexible polymer with the wall in presence of depletion forces can

be measured. If DNA is grafted to a conductive surface which is charged up the

influence of polarization charges could be measured (compare with Fig.3.2 ).

Concerning more biological applications the method is extendable to soft walls, e.g.

membranes. Polymers which are end-grafted on membranes inducing a deformation
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of the membrane [114, 115]. However the curved surface of the membrane will change

the space available for the polymer as well and the interplay between a membrane

and an anchoring polymer could be studied.
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Chapter 4

Force Experiments

Technical advances in micromanipulation devices have proven to be useful for the

understanding of biological processes on a molecular level . The reduction of the

experiments to a molecular scale allow for example the observation of the work of

enzymes on DNA giving a mechanistic view on the related chemical processes, and

even chemical bonds inside proteins can be probed mechanically [116, 117]. However

methods for structure determination such as X-ray diffraction and light scattering

still require a large ensemble on molecules. In particular the dependence of molecular

structure on the mechanical load is of recent interests as one can see for instance

on experiments of Cluzel et al. [17]. In these experiments it has been shown that

DNA undergoes a structural transition if it is stretched out beyond its contour length.

Before we present a novel device capable to stretch DNA and allowing optical exper-

iments simultaneously, we give first an overview about this so-called B-S transition.

4.1 The B-S transition: an overview

4.1.1 Distortion of the DNA structure by proteins

In the following section we give a brief overview about some examples of DNA-protein

interactions and how they distort the canonical Watson-Crick structure of DNA.

The generic purpose of DNA is to storage the genetic code. The letters of the code

are given by a combination of the four nucleotides (or bases) guanine, cytosine and

adenine, thymine. Each possible set of three nucleotides in DNA specifies one amino

83
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Figure 4.1: Schematic representation of the three basic genetic activities in living cells.
a) Transcription: The genetic code is translated into mRNA by RNA Polymerase. b)
Replication: Duplication of a dsDNA strand (semiconservative). c) Recombination:
Breakage and reunion of homologous DNA molecules results in chromosomal cross-
overs. This results in genetic recombination of alleles. Figures from [10, 118]

acid or a ’stop transcription signal’ for the reading machinery. It enables the physical

realization of the genetic code by the synthesis of proteins1. This transcription pro-

cess is performed by enzymes, for instance the RNA polymerase in eukaryotic cells.

The basic process is shown in Fig.4.1(a). The enzyme locally melts the Watson-Crick

double helix to get access to the nucleotides for copying the sequence into an RNA

molecule. With this process the cellular machinery is enabled to express the tran-

scribed genes [10]. The progression of E. coli RNA-polymerase on a single dsDNA

has been studied by tethering short DNA at one end to a surface and with the other

end to a bead. Transcription of DNA by RNA-polymerase influences the fluctuations

of the bead characteristically due to change of the length of the DNA. By analyzing

these fluctuations the enzymatic activity can be followed [119]. With optical tweezers

it was shown that an applied force of 35 pN can stall the work of the DNA polymerase

and illustrates nicely the connection between mechanical load and enzymatical activ-

ity [120, 121].

For copying the genetic code from cell to cell and from generation to generation DNA

1Viruses are an exception since they have DNA but borrow the reading machinery from their
host. If they count to living matter or not is a question of definition.
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has to duplicate. This process is called replication, and the scheme of this process

is depicted in Fig.4.1(b). First the parental strands have to separate resulting in an

Y-shaped replication fork. The unwinding of the double strand is mediated by a class

of enzymes called helicase enzymes. Then the two single strands acting as a template

for the synthesis of new dsDNA, with the aid of DNA-polymerase. The helicases are

also involved in the recombination processes as it is shown in Fig.4.1.c. An example

of a helicase which removes the twist in unconstrained DNA is RecBCD. It partic-

ipates in the repair of chromosomal DNA through homologous recombination. The

translocation of the RecBCD and the unwinding of the double helix can be monitored

at single DNA by the release of fluorescent dye molecules during the unwinding pro-

cess [122]. Another protein essential for recombination is the RecA protein, which is

discussed in more detail in the next section.

Due to the enormously high packaging density of DNA in the cell nucleus many ge-

netic reactions as transcription, replication and recombination requires changes in

DNA topology [8]. DNA topology is usually described in terms of the linkage number

Lk, which is the sum of the numbers Tw and Wr. The first one called twist counts

how often the two strands of the helix winds around each other. For example, uncon-

strained DNA in the B-Form has a helix repeat of 10.5 base pairs. If it consists of

N base pairs the linkage number is given by Lk = N
10.5

. However, in nature circular

DNA is generally found to lack one turn of twist for every 17 turns of stable, right

handed double helix [10]. This slight underwound of DNA can be compensated by

self-intersection of the helix axis. The DNA is called to develop a supercoiled confor-

mation2. The strength of the supercoiling is described by the second number Wr the

so called writhe. For a constrained DNA as it is the case for circular DNA but also for

DNA which is torsionally constrained artificially, the linkage number is a topological

constant, i.e. a decrease in the twist causes an increase in the writhe.

A large class of enzymes involved in genetic regulation processes influencing the DNA

topology are the topoisomerases. They occur in eucaryotic cells and bacteria as well

and are divided in ATP independent (type I) and ATP dependent (type II) types.

The main task of both types is the relaxation of supercoiled helices. They open tem-

porally a phosphodiester bond of the DNA followed by an interstrand exchange and

reclosing of the phosphodiester bond [8]. The relaxation of the supercoiled DNA was

optically observed with the aid of magnetic tweezers [123].

2From daily life everybody knows that due to over- or underwinding of a telephone cable at a
certain threshold the cable itself crosses. This is exactly the same what happens in case of DNA.
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Figure 4.2: Strand exchange mediated by RecA. From the left-hand side dsDNA
spools into RecA/DNA complex. After strand exchange the new dsDNA is released
at the right hand side. Figure from [8].

Based on experiments on highly overtwisted DNA and molecular modelling, Allemand

et al. [124] suggested that DNA can adopt a structure with 2.6 bases per turn which is

75% longer than B-DNA. This structure has tightly interwound phosphate backbones

and exposed bases in agreement with Pauling’s early DNA structure [125, 124].

4.1.2 The RecA protein and the B-S Transition

Reproduction of higher organisms on the molecular level is done by recombination of

chromosomes. But also in primitive cells like yeast or bacteria recombination occurs.

They do not show of course meiosis but due to a process known as conjugation they

can pick up genetic material from a donor bacterium and build in foreign DNA, which

enables the bacterium to enhance the genetic diversity although their reproduction

is asexual. This shows that the existence of recombination enzymes is essential for

all living matter. In E.coli the RecA protein is known to be involved in almost all

recombination processes between homologous DNA molecules [126, 127]. The func-

tion of RecA is described in many textbooks [8, 127] and recently a review about

the RecA/DNA complex appeared [128]. The protein consists of 352 amino acids

and has a molecular weight of 38 kDa, but works always as multimer with many

identical subunits. In presence of ATP the RecA protein binds to single stranded

DNA of arbitrary length and sequence. This complex can bind a homologous double

helix to form a triplet and replace one of the complementary strand with the first
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Figure 4.3: a) Structure of a M. tuberculosis RecA obtained by X-Ray diffraction
[129]. The structure is almost identical to the E. Coli RecA [130]. b) RecA filament
without DNA, built from 19 subunits. (Left) side view (right) top view. Figure from
[131]. P is the pitch of the helix, R indicates the mean radius of the helical spring
and r indicates the mean diameter of the protein wire.

single strand. In summary the RecA protein enables an exchange of complementary

strands, which is depicted in Fig.4.2. For recombination purpose strand exchange has

to occur even if the homologous DNA strand partly consists of non-complementary

nucleotide sequences. For example the DNA of the related bacteriophages M13 and

fd are different in 3% of their whole genome of 8000 nucleotides. But still the RecA is

able to exchange a single strand of M13 against the corresponding strand of fd [8]. In

biological literature single stranded DNA is claimed to stimulate all activities of the

RecA protein [126, 8], for example the partial unwinding of double-stranded DNA by

RecA.

The structure of RecA was determined by X-ray diffraction [130] and is shown in

Fig.4.3(a). Upon binding ATP, RecA adopts a high affinity DNA-binding form. This

form is capable to bind cooperatively single- and double-stranded DNA in a stochio-

metric ratio of one RecA per three nucleotides [131]. Even in the absence of DNA

RecA polymerizes into filaments [132, 133]. A filament built from 19 subunits is

shown in Fig.4.3(b).

The complex of the RecA protein with dsDNA was shown to elongate the DNA by a

factor of 1.5 and appears in electron microscopy as helical filaments with a pitch of

≈ 0.1 nm and 6.2 RecA units per turn covering 18.6 bp [134, 135]. Using the fact that

DNA with different linkage numbers can be resolved in an agarose gel the amount of

the DNA unwinding by RecA was determined to be 15◦ per bp [134]. Remember the
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Figure 4.4: Solid curve: Force-extension curve of a bare double stranded DNA
molecule without torsional constraint. Dashed line: Force-extension curve of DNA
after polymerization with RecA. The curve can be modelled with the WLC-model.
Figure from [136].

angle between successive bases in the B-Form is about 36◦.
By a process called molecular combing [43] it was shown that a receding meniscus may

overstretch DNA by about 50% of its relaxed contour length and a DNA molecule

can withstand forces of about 500 pN [44]. Experiments by Cluzel et al.[17] and at

the same time by Smith et al.[16] have shown that this remarkable overstretching

transition occurs at a force of ≈ 65pN and may have implications for RecA/DNA in-

teractions. Cluzel et al. measured the force-extension curve by attaching one end of

a ∼ 16µm long DNA molecule to a bead which can be manipulated by a micropipette

connected to a piezo translator. The other end of the molecule is attached to an opti-

cal fiber acting as a force sensor. The stiffness (between 10−2 Nm−1 and 10−4 Nm−1)

is adjusted by its length and thickness, using controlled chemical degradation of the

outer diameter. The fiber is fed with a diode laser and the deflection of the fiber is

then measured in an inverted microscope. A typical force-extension curve of a single

molecule at high force is shown in Fig. 4.4 (solid curve). After a monotonic increase of

the force with increasing elongation, according to the WLC model, a plateau appears

at a force of ≈ 65 pN when the DNA is elongated slightly over its contour length. The

state of DNA in the overstretched state is referred to as S-DNA and therefore the
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structural transition which occurs in the plateau is called B-S transition. Molecular

modelling was applied to extreme stretching of 16 bp long dsDNA [137]. According

to this work one has to distinguish three cases. Stretching on both 3′ ends results in

a completely unwound structure forming a ribbon with the phosphodiester strands

on the edges and the base pairs lying directly on the top of each other. The second

case is stretching on the 5′ ends which results in a moderately unwound double helix

with negatively inclined base pairs. The last case is stretching at the 5′ and 3′ ends

(stretching on just one strand). This pathway resembles the structure of the second

case.

From the length of the plateau and the applied force it is straightforward to estimate

that the free energy difference between the B-state and the S-state is around 3 kBT

per base pair.

In 1998 Leger et. al. studied the polymerization of the RecA protein to dsDNA as a

function of the applied force. The force-extension curve of a DNA/RecA complex is

shown in Fig.4.4 (dashed curve). Apparently no transition occurs due to stretching of

the DNA/RecA complex and the persistence length of the DNA/RecA complex was

estimated to be about 800 nm, which is much higher than the persistence length of

the bare DNA of 50 nm. In the same work the dependence of RecA polymerization on

an applied load was measured. Determining the elongation of single DNA molecules

during RecA binding under constant force as a function of time reveals the binding

kinetics of RecA. For example at 75 pN the binding reaction was 20 times faster than

at 15 pN. This enhanced binding kinetics at increasing force was confirmed by Shiv-

ashankar et al. [138] and Hegner et al. [131]. It was also shown that below 65 pN

RecA elongates DNA, whereas above 65 pN it shortens DNA, meaning that RecA has

to do work against the applied force. The fact that the energetic barrier between S and

B-DNA is only 3kBT , together with the described binding kinetics of Ref.[136], leads

the authors to propose a simple model for the RecA binding. Spontaneous thermal

stretching fluctuations may create overstretched DNA regions which are stabilized by

its interaction with the RecA protein. By stretching DNA the overstretched states

becomes more likely, favoring RecA polymerization.

The overstretched contour length of 1.6 times the contour length of the B-DNA sug-

gests the S-DNA have a non-zero helicity. To determine this important structural

parameter force experiments had been performed where DNA is kept torsionally con-

strained [139]. Double-stranded DNA was coupled to a fiber with one end, and the

other end was coupled to a bead. In order to avoid torsional relaxation both the
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3’ and 5’ strands at each end of the molecule were anchored to the substrate. A

micropipette holds the bead by suction and imposes fixed extension to the molecule.

Rotation of the micropipette changes the linkage number Lk by ±1 per turn. This

enabled to measure the force-extension curves at different linkage numbers. Note

that for relaxed DNA the excess turns could cause an increase of the writhe Wr (e.g.

DNA could adopt a plectonemic supercoil structure) but as the molecule is stretched

the writhe is converted into twist and the authors claimed to have the twist under

experimental control which is apparently the relevant parameter of the experiment.

It is convenient to describe the linkage in terms of fraction of turns added or removed

σ = Lk−Lk0

Lk0
, with Lk0 the number of helical turns in the B-form. In the particu-

lar experiment the DNA had 44 kbp and thus Lk0 = 44000
10.5

≈ 4200. For different σ

they found qualitatively different force-extension curves. At σ ≈ −0.1 a plateau at

≈ 50 pN appears, which increases in width as more negative turns are made (i.e. the

more the molecule was unwound),and a second plateau is visible at ≈ 110 pN. This

second plateau decreases in width the more negative turns are made. For σ = −0.72

it vanishes but the plateau at 50 pN reaches its maximal value. The authors inter-

preted these finding that the unwinding is stored in an untwisted double helix and

after a force is applied, B-DNA partially transforms into S-DNA once a force of 50 pN

has been reached. If underwinding is consumed by the S-form of the double helix the

remainder of the molecule is in B-form which is transformed into the S-form at the

110 pN plateau. It is noticeable that DNA with a twist of σ = −0.72 shows the

same elastic behavior than torsionally unconstrained DNA (nicked DNA). Therefore

one can argue that torsionally relaxed DNA and underwound DNA with σ = −0.72

adopt the same form, namely the S-form. Thus the authors conclude that S-DNA

has a twist of σ = −0.72. This is equivalent to the statement that S-DNA forms a

double helix with 37.5 bp per turn,i.e. the twist angle of successive base pairs3 is

360◦/37.5 = 9.6◦ . These results together with results from [124] of overwound DNA

gave rise to theoretical calculations resulting in a phase diagram of five distinct DNA

states for different linkages numbers and different applied forces as it is proposed by

Marko [140].

This S-DNA model was inspired in part by early research on DNA fibers [141]. In

this very early experiments4 a change in the sign of birefringence was detected if the

fiber was stretched. This was explained by inclination of the bases in DNA. However

3Remember RecA was reported to unwind DNA by 15◦ per bp.
4The Watson-Crick model of DNA was still unknown at this time.
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it should be emphasized that this transition appeared only if the DNA-fibers were

dehydrated.

Rouzina and Bloomfield [142, 143] have proposed an alternative model for DNA over-

stretching as a force-induced melting process. In this model the base pairs holding

the two strands together dissociate as the DNA molecule unwinds during the tran-

sition. To test the force-induced melting model Williams et al. measured the B-S

transition as a function of pH [144, 145]. It was demonstrated that the plateau of the

overstretching transition occurs at lower forces as the pH value changes to extremely

low or high pH values. Since extremely high or extremely low pH reduces the melting

temperature of dsDNA, the authors interpret the overstretching of dsDNA in terms

of a melting transition, which is further supported by a hysteresis observed in the

DNA stretching cycle. A second class of experiments measured the temperature de-

pendence of the overstretching transition [146]. Consistent with the melting scenario,

the transition did occur at lower force as the temperature is increased. Since the

force-extension curve has its analogy to a first order liquid-gas transition5 one can

determine the change of the melting entropy S by applying the Clausius-Clapeyron

equation δF = δT ∆S
∆b

, where F is the applied force, T the temperature and b the

extension. From basic thermodynamics the authors were able to determine the heat

capacity of DNA during the overstretching transition to a value which they claimed

to be consistent with well-established calometric measurements. However for deter-

mining this value one has to calculate the force-dependent free energy change of the

helix-coil transition (melting), i.e. ∆Φ = − ∫
(bss(F ) − bds(F ))dF with bss(F ) the

extension at an applied force F for ssDNA and bds(F ) for dsDNA respectively, which

has then to be calculated in a model-dependent way (WLC for dsDNA and FJC for

ssDNA).

In contrary to this Cocco et al. [147] determined the free-energy difference of ssDNA

and dsDNA from DNA unzipping experiments [148]. With the stiffness of S-DNA

as reported from [149] she showed numerically that S-DNA with the twist as it is

determined in Ref.[139] near the end of the force plateau at 65 pN is more stable

than either strand-separated or unpeeled DNA as it would occur in a melting sce-

nario 6. In accordance with experimental results reported in [150] for high forces, a

5The overstretching transition in the force extension curve of DNA is analogous to the coexistence
curve in the P − V diagram of a liquid gas transition. The force F corresponds to the pressure P
and the extension b corresponds to the volume V .

6Unpeeled DNA means, starting from a nick at the backbone one strand fall off the other strand.
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second transition to unpeeled DNA with ssDNA-like elastic response is found, but it

depends of how many nicks are present along a molecule. The fact that Storm et al.

[149] determined the persistence length of S-DNA to by around 10 mathrmnm, being

much larger than the persistent length of ssDNA which is reported to be 0.7 nm [16],

can also been seen as an evidence for S-DNA being a novel structure but not a force

induced melting transition.

As it is demonstrated above there is quite a big debate about the nature of the B-S

transition. To clarify the nature of the B-S transition new experimental data con-

cerning the structure of DNA during the transition and in the overstretched state

would be desirable. But first one has to develop new experimental tools allowing to

study DNA with methods appropriate to provide structural information during the

B-S transition in a model independent way, such as X-Ray scattering or birefringent

measurements. X-Rays would reveal most structural information but may damage

DNA. Light at optical frequencies does not carry enough energy to damage the DNA

structure, and since the birefringence of DNA is determined by the orientation of the

base pairs, birefringence measurements are sensitive to structural changed within a

DNA molecule. Birefringence measurements would allow to distinguish if DNA in

the B-S transition adopts a novel structure with inclined bases pairs or if the melting

scenario is right. Of course such methods cannot be applied to single DNA molecules

but have to be done at many DNA molecules all undergo the B-S transition at the

same time. Such a birefringence experiment would allow to understand the results in

in [141] with well defined force exerted on DNA. An approach for a design of an force

apparatus capable of doing this is introduced in the next sections.

4.2 Experimental setup of a force apparatus

4.2.1 Requirements of the force apparatus

A force apparatus which enables combined force-distance optical measurements (e.g.

birefringence, elastic and inelastic light scattering), has to accomplish the following

specifications. First, it has to be able to detect small forces. Second, it has to be capa-

ble to stretch a sufficient number of molecules in a well defined way to get an optical

signal. One possible realization of such a device is a surface-force apparatus (SFA)

as it was developed by Israelachvili [151]. It consists of two atomically smooth mica

surfaces formed by two cylinders in crossed geometry to avoid alignment problems.



4.2. EXPERIMENTAL SETUP OF A FORCE APPARATUS 93

Figure 4.5: Principle of force measurement. DNA is grafted between two surfaces.
Moving the bottom substrate by an piezo translator will cause a deflection of the
glass lamella which acts therefore as a force sensor. The deflection can be measured
by a split diode.

The two surfaces create a cavity for white light interference, enabling an absolute

measurement of the distance of the two cylinder surfaces. One of the cylinders is

mounted on a spring with known spring constant. Though the spatial resolution of

such systems is in the range of Ångström and the force resolution is about 10 nN [151]

the system is not designed to provide optical access and needs tremendous technical

demands as well as experimental skills. In Fig.4.5 the principle of a much simpler

force apparatus is depicted. DNA is grafted between a bottom surface and a glass

cantilever which acts as a force sensor. The bottom surface can be moved by a piezo

translator. The deflection of the cantilever measured by a split diode measures then

the force which is needed to stretch the DNA carpet. Before the details of the ex-

perimental realization of such a device are described, let us first consider the spatial

dimension of the DNA carpet necessary for birefringence measurements. For a bire-

fringence signal caused purely by DNA it is of importance to avoid reflections from

the surfaces. The beam waist w(z) of a Gaussian beam as a function of the distance

z from a diffraction limited beam waist of size w0 is [152]

w(z) = w0

√√√√1 +

(
λz

πw2
0

)2

, (4.1)

where λ is the wavelength of the light. If we want to measure the birefringence of

the S-state of λ-DNA the gap width 2w is around 20 µm at the force plateau. From

Eq.4.1 one can determine the distance z over which a Gaussian beam propagates
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Figure 4.6: a) Sketch of the gap formed in a force apparatus for simultaneous mea-
surement of force and birefringence. b) The depth of field (DOF) as it is defined in
the text is shown. Values are corrected for the wavelength in water.

but the intensity profile keeping smaller then 20 µm as a function of the focus size

2w0. The situation is shown in Fig.4.6(a). Fig.4.6(b) shows the dependence of the so

called depth of focus (DOF) for a gap width of 2w = 20 µm as a function of the focus

size 2w0 for different wavelengths. One can see that for a focus size around 15 µm a

DOF of roughly 900 µm is achieved at a wavelength of 457 nm. This translates to the

surface area over which the force apparatus should be able to stretch DNA.

Let us now estimate the expected birefringence signal. The area of a disk with radius

of 450 µm is about 6 · 105 µm2. Assuming a grafting density of 0.14 molecules
µm2 one

gets ∼ 8 × 104 molecules at the surface and the mass density inside the volume is

c ≈ 4× 10−7 g
cm3 . In literature the birefringence ∆n of fully oriented DNA is reported

to be [23]

∆n = −5.08× 10−2 cm3

g
· c, (4.2)

with c the DNA concentration in [ g
cm3 ]. From that it follows that the expected mag-

nitude of the birefringence is about −2 · 10−8. The phase retardation ∆φ = 2π
λ

z∆n

caused by the birefringence is then 4.7 · 10−4 rad for λ = 0.457 µm and z = 900 µm,

which is measurable with high resolution modulation techniques [23, 153].

Now we can easily estimate the force resolution necessary to identify the S-state of a

DNA carpet. As we have seen the S-state occurs at force of around 65 pN for a single
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Figure 4.7: a) Sketch of a lever bend due to a force F at the end. b) Spring constant
of a cantilever from glass with a thickness of t = 0.17 mm and a width w = 1 mm as
a function of its length l.

molecule. For 8× 104 molecules the plateau should appear at 5.2 µN.

4.2.2 Force apparatus

According to the previous section the width of the cantilever should be around 900 µm.

We cut them from microscope coverslips with a thickness of 170 µm by hand. However,

even with the use of a pattern it is hard to cut such thin lamellas and most of them

were slightly wider in size than 900 µm. In practice the width and the length of the

cantilevers were in the range between 1.0− 1.2 mm and 4− 5 cm respectively.

In Fig.4.7(a) a force F which acts at a point l at a lever causes at every point y < l

a torque

M = F (y − l), (4.3)

which has to be compensated by a inner restoring torque in order to stabilize the

shape of the lever. From the theory of the mechanics of a bent lever it is known that

this moment is connected with the local radius of curvature 1
R

by the equation [154]

1

R
=

M

EI
, (4.4)

M being the compensating inner torque, I is a purely geometric factor called the area
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moment of inertia and E is the Young’s modulus. Combining Eq.4.3 and Eq.4.4 and

taking into account the fact that the radius of curvature of a plane curve is in first

order just the second derivative d2z
dy2 of the curve itself, one gets by twofold integration

the deflection zc of a cantilever

zc = − l3

3EI
F. (4.5)

Apparently one can now define a spring constant k = 3EI
l3

. For a rectangular lever the

area moment of inertia is given by I = wt3

12
, w and t being the width and thickness of

the cantilever [154]. For for the spring constant k one gets

k =
Ewt3

l3
. (4.6)

In Fig. 4.7(b) the calculated spring constant of a glass cantilever made of coverslip

glass (E = 73 × 109 N
mm2 , w = 1 mm and t = 0.17 mm) is shown. For a length

of 4.5 cm the spring constant is around 1 N/m, and corresponds to typical values of

spring constants used in AFM. The cantilever have a reflective surface at the backside

consisting of typically 2 nm thick layer of chromium and 50 nm thick layer of gold

prepared by thermal evaporation providing a reflective surface for the detection of

the deflection by back reflection of a laser beam.

As base surface we used a polished multimode fiber with a diameter of 750 µm. First

the fiber was scratched using a glass scriber and then cleaved by pulling off the fiber.

This procedure gave poor surfaces. In order to flatten the fiber surface we polished

the fiber with polishing paper7 having a grain size of 5 µm, in a modified polishing

machine. The angle of the surface with respect to the fiber axis is a right angle within

less than 1 mrad accuracy as it was estimated by the very accurate mounting of the

fiber for the polishing process. Because one has to carry off much material it has

been time consuming to polish the fiber. When the front surface was flat but still had

a blunt looking, fine polishing was done using polishing paper with decreasing grain

size (3 µm, 1 µm and 0.3 µm until the surface becomes strongly reflecting. All fibers

were checked under a light microscope in dark-field illumination, where scratches

and holes are well visible. To get a better idea of the surface quality we did some

electron microscopy. Fig.4.8 shows electron microscope pictures of some surfaces at

different polishing stages. After all polishing steps one can still see some scratches

7Thorlabs GmbH, Karlsfeld D-85757
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Figure 4.8: Electron microscope pictures of substrates with a diameter of 750 µm. a)
Surface which is incompletely polished with 3 µm polishing paper. The coarse parts
of the surface are due to the polishing with 5 µm grains. Under a light microscope
in dark field illumination this rough areas are well distinguished from the smoother
areas. b),c) Overall view of the fiber after 3 µm polishing. d) Complete polished
surface. Field of view 40 µm × 40 µm. e),f) Completely polished surface (field of
view 10 µm× 10 µm). There are still scratches and wrinkles visible, however they are
smaller than 1 µm.

and wrinkles but mostly they are small. Before using them a layer of 2 nm chromium

and50 nm gold was evaporated to in order to attach DNA with a thiol/gold linker onto

the surface. The fiber one can introduce horizontally into a sample cell made from

plexiglass which is attached to a piezo actuator. To provide a maximum of accuracy

of fiber positioning it is introduced into a cone with a bore of 750 µm diameter which

itself fits tightly into the sample cell. The cantilever is glued8 on a plexiglass holder

which can be introduced into the cell vertically. The entire setup is schematically

shown in Fig.4.9. The main parts are explained in the following. A single mode fiber

was fed with a HeNe laser passing a beam splitter cube and directed to the back of

the cantilever. A lens is used to match the diameter of the beam to the width of

8”Uhu sekundenkleber” Uhu Gmbh Brühl
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Figure 4.9: Schematic sketch of the setup for a force apparatus. Details can be found
in the text.

the cantilever, but the focusing is so weak that the beam can be thought as being

collimated. The back reflection of the cantilever hits the beam splitter and is directed

onto a quadrant diode. Because the photo current is proportional to the illuminated

area of each quadrant one obtains the position of the laser beam with respect to

the center position by subtracting the signal from the appropriate quadrants of the

diode and normalizing the signal to the overall intensity. This procedure is done by

a chip originally designed for controlling a read/write unit in a harddrive. Because

a collimated beam was used the resolution increases with increasing distance of the

quadrant diode to cantilever. The laser spot at the quadrant diode has a diameter

of only a few mm. The quadrant diode can be moved in order to re-center the beam

again if the deflection causing a nonlinear response. This happens because of the

circular shape of the laser beam. The horizontal and the vertical signals are recorded
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with a multimeter9. The multimeter is also used to measure the monitor voltage of

the piezo crystal (piezosystem Jena). In the closed feedback loop modus of the piezo

controller the monitor voltage is proportional to the distance moved by the piezo. The

controller itself is driven by a dc voltage from a digital function generator (tectronix)

equipped with a GPIB interface. This somewhat complicated way of driving the piezo

was necessary because a digital controlling interface provided by the manufacturer of

the piezo caused strong perturbations in the feedback loop and thus it had not been

possible anymore to determine the position of the piezo.

Furthermore the setup includes two motors (MV and MH in Fig.4.9 ), mounted on

a table which is movable in azimuthal and declinate direction for alignment of the

cantilever. To align the fiber and the cantilever in parallel the following procedure

was used. The back-reflection of the fiber is directed into the center of the quadrant

diode, which one can move horizontally (translation stage not shown in Fig.4.9) and

vertically (motor). This defines the direction normal to the surface of the fiber. Then

with the aid of two translation stages (not shown in Fig. 4.9) the cantilever can be

moved in front of the fiber. The back reflection of the cantilever, which defines the

direction normal to the surface of the cantilever can be centered to the same signal

level of the quadrant diode as before with the motors MV and MH. The centering

procedure can be done by hand with the motor controller or automatically by a simple

search algorithm. All devices used in the setup are controlled via a PC with a GPIB

interface card or via RS232 interface (motor controller) and are fully controlled by

a software written in C++ under Windows and has a simple user interface. For a

controlled approach of the cantilever and the fiber we used a homebuild microscope.

It consists from long working distance objective (Zeiss, 20x NA 0.2), which is infinity

corrected. To enhance the magnification a telescope is used; and the image is recorded

with a CCD camera connected to a frame grabber. The gap between cantilever and

fiber was illuminated with a multimode fiber which one can introduce into the sample

cell and which were fed with a light diode. The gap between cantilever and bottom

surface was measured with an accuracy of about ±1µm at an initial surface distance of

about 50 µm. Because the piezo is able to travel with a precision better than 200 nm

one determines the initial distance z0 between the two surfaces with high accuracy. If

zp denotes the distance the piezo has moved and ∆zc the deflection of the cantilever

92700 Multimeter Data Aqusition system equipped with a Model 7700 scanning card from Keyth-
ley Instruments, Inc.
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Figure 4.10: Photograph of the experimental setup: SM: single mode fiber, MD,
motor, QD: quadrant Diode , MV: motor, MH: motor, IF: illumination Fiber, P:
Piezo, M: Microscope, BSC: beam splitter cube,L: Lens, C: Cantilever. F: Fiber

the absolute separation of the two surfaces is determined by ∆z = z0−∆zp−∆zc
10.

4.2.3 Characterization of the Setup

Fig.4.11 shows a typical calibration measurement. The zigzag shaped curve is the

voltage measured at the quadrant diode. If the signal level exceeds a certain level the

motor centers the diode with respect of the laser beam, and the signal drops back

to the 5 V level. The blue points and the red line are the accumulated signal for

forward and backward movement of the piezo, respectively. A linear fit yields a slope

of 0.567 V
µm

for the accumulated signal and a mean slope of 0.570 V
µm

for the raising

parts of the diode signal (black curve). The calibration has to be done for each mea-

surement because it depends on the exact quality of the laser spot but also from the

10The convention used here: ∆zp > 0 for piezo approaching the fiber and ∆zc > 0 for deflection
of the cantilever in towards the fiber.
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Figure 4.11: Calibration of the resolution of the quadrant diode and the cantilever
deflection induced by pushing/pulling the cantilever with the fiber. Black line:
Difference-signal of the quadrant diode. 5V is the zero deflection signal. If the signal
exceeds a defined signal level the motor center again the diode with respect to the
laser beam. blue dots: The accumulated difference signal over the whole range the
piezo is moved to remove the jumps in the signal due to the re-centering process. red
line: piezo moved backwards.

intensity of the laser spot hitting the diode spot. However for all measurements shown

here the resolution was in the range of 0.5 V
µm

to 1 V
µm

. Since the rms of the noise of the

quadrant diode is around 20 mV a force of 100 nN is easy to measure with a cantilever

which has a spring constant of 1 N
m

. The main limitation arises from the stabilization

of the cantilever and the fiber. High-frequency noise is eliminated to a great extend

by averaging over the signal. Typically it is averaged over 20 samples, with an inte-

gration time of about 20 ms for each sample. After introducing the cantilever into the

sample cell a strong drift is observed. Fig.4.12 shows some examples of the measured

drift of several cantilevers. In Fig.4.12(a) the deflection of the cantilever just after the

introducing into the sample cell is shown. After 4 hours the drift has slowed down

and turns to a slower oscillation-like behavior. The behavior of the cantilever after

thermalization is shown on a smaller timescale in Fig.4.12(b). The same cantilever
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Figure 4.12: (a) Measurement of the drift overnight. (b) Red curve: Cantilever
drift after a 3 hours thermalization. Green curve: Drift of the same cantilever 1
day later. Evaporation of the water was negligible, because of sealing of the sample
cell with parafilm. (c) The drift of free cantilever during the movement of the piezo
(cantilever thermalized several hours, measuring time about 5 minutes). black curve:
piezo moves away from the bottom surface. red line: piezo approaches the bottom
surface. (d) same as c) but another experiment.
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Figure 4.13: Left: Deflection of the fiber after thermalization of several hours. Right:
The same, again there is a heavy calculable drift visible.

may have a very different drift behavior after staying one day in the sample cell. In

Fig.4.12.c and Fig.4.12.d the drift of the cantilever is shown when starting with the

movement of the bottom surface in the very vicinity of the cantilever11. In Fig.4.12.c

there is huge drift whereas in Fig.4.12d the drift is very small, for the latter case it

could be possible to measure the force of a DNA carpet. These four typical examples

show that the stability of the cantilever is quite capricious but for cases the cantilever

has low drift like in Fig.4.12.d, it should be feasible to measure the force extension

curve. Where this variation of the drift behavior comes from is not clear. There are

a lot of parameters which one has to take into account. Apart from temperature

changes, one has also to take into account possible effects of gluing the cantilever12,

swelling/creeping of the plexiglass, etc.

A disadvantage is the fact of the relatively large size of the whole setup which trans-

lates even small drifts in the attachment points in big travels at the free end of the

cantilever. Furthermore the stability of the bottom surface is of importance. It is

measured by recording the back-reflection of the laser from the gold coated fiber front

surface. Some examples of the drift are shown in Fig.4.13. Reasons for the drift of

11First the distance is measured with the microscope and the bottom surface approach the can-
tilever with a defined stroke of the piezo

12We also tested the behavior of cantilevers if they clamped. stability in this cases was in average
the same as for gluing the cantilevers but they broke more often during the clamping
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the bottom surface can be manifold. For example because the sample cell is made out

of several parts which are tightly assembled with screws there might happen some

relaxation processes caused from inner tensions of the material. For a further char-

acterization of the setup we made some blank measurements without DNA. Fig.4.14

represents a blank measurement and the transformation of the raw data into a force

extension curve. It is an example where the drift of the cantilever was very low, and if

DNA had been used, a force-extension signal should have been visible. In Fig.4.14(a)

the raw data are shown. The single steps to get the force extension curve Fig.4.14.d

are described in detail in the figure caption. One can see that if the whole drift of the

cantilever is small one can measure forces of about 100 nN. But note that nothing is

known about the drift of the fiber in the particular measurement and it may result

in a useless measurement.

4.2.4 Force measurements

As shown in the last section it should be possible to measure the force-extension curve

of a DNA carpet, provided that the drift of the experimental setup is small enough.

It turned out that performing a force measurement is in practice not an easy task.

For example it often happens that within the gap formed by the cantilever and the

fiber a dust particle is located, although all liquids used were filtered with 200 nm

pore size filters. The fragility of the cantilevers and of the fibers made a successful

sample preparation a rare event. The very low yield of successful experiments might

be caused additionally from the fact that it is not possible to cover the fiber with

DNA within the sample cell but one has to do the DNA grafting outside the sample

cell and then introduce the sample into the cell. The introduction of DNA into the

sample cell is done in the following way. A freshly gold-covered fiber (length around

2 cm) is carefully placed into an Eppendorf tube with a thiol and biotin functionalized

DNA sample (typically concentration was ≈ 3ng
µl

). After an incubation time of 2h

the fiber is carefully taken out and introduced into the cone. At the top of the fiber

the buffer solution formed a small droplet protecting the DNA at the surface. The

cone with the fiber fits very tightly into the sample cell and then the sample cell was

filled with TBE buffer (pH 8.6). The whole procedure was performed in a flow box to

avoid decontamination of the sample with dust. To verify that the DNA grafted at

the front side of the fiber sustain this treatment we tried to visualize the DNA with

fluorescence microscopy. Therefore the fiber is mounted face-down in the microscope
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Figure 4.14: Blank measurement with the steps of the raw data conversion to a force
extension curve. Measuring time about 10 minutes. a) Raw data. The data have
to be read from right to left. Black curve: Initially the cantilever and fiber are in
contact. The initial monitor voltage of the piezo is about 9 V and the signal of the
quadrant diode is set to zero. The fiber is then retracted with the piezo and one
sees how the cantilever follows the movement of the fiber. When the fiber does not
touch any more the fiber is in a stable equilibrium position. red line: the piezo makes
the same movement backwards. b) The monitor voltage of the piezo is then scaled
into the displacement zp of the piezo. And the resolution of the quadrant diode is
determined from the slope of the incremental part of the curve. c) For convenience
the whole curve is mirrored at the touching point of the fiber and the cantilever
and the displacement of the cantilever zc is scaled in units of µm. The zero of the
cantilever deflection zc is set to the equilibrium position of the cantilever. d) The
distance between the cantilever and the bottom surface is then easily evaluated by
determining ∆z = zp − zc. Finally by multiplying zc with the known spring constant
of the cantilever kc ≈ 1 N

m
the force extension curve is obtained. black line: fiber

retracts from cantilever. red line: approaches the cantilever. Note that the touching
point of the cantilever and the fiber is known only with an accuracy of about 2µm.
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Figure 4.15: Force-distance curves of a DNA carpet of λ-DNA with l0 = 16µ m. a)
The fiber is initially in contact with the cantilever and then retracted (red curve).
After an extension of 1.6l0 the fiber approaches again the cantilever at a very close
distance it seem as if an soft repulsive force acts causing a rounding of the curve
(black curve). b) the same as a). c),b) The fiber is initially not in contact with the
cantilever and then approaches the cantilever (black line). After the fiber and the
cantilever are in contact the fiber is retracted again.
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and introduced into a droplet of buffer solution. Although gold/thiol attachment of

DNA works very reliable as described in Chap.2, it was never possible to visualize a

whole carpet of DNA but only some isolated molecules. Probably the low grafting

densities were caused by strong shear flows during the handling of the fiber.13

All these practical difficulties in addition with incalculable stability problems as de-

scribed in Sec.4.2.3 limited the numbers of promising measurements that can be done

within a certain time. We have never detected a force when we tried to bring the

cantilever into the vicinity of the bottom surface without touching it and then re-

tracting the fiber to a distance smaller than ∼ 1 µm. However when the cantilever

was brought in contact with the fiber which was then retracted once a force appeared.

The force-distance curves for this case is shown in Fig.4.15. The curves are obtained

by evaluating the raw data as described in the previous section. In the first two

graphs Fig.4.15(a) and Fig.4.15(b) the cantilever was touched by the fiber which then

was retracted. At the beginning a strong attractive force shows up. This is maybe

caused by the fact that the cantilever touched the fiber and thus the whole contour

of the DNA adheres unspecifically at the surface. The work necessary to pull off the

whole contour could be responsible for the attractive force. After an extension of

the DNA to about 0.4 L0 (L0 denotes the contour length of the DNA) the ”adhesion

force” dropped back to zero. However at an extension of about 0.8 l0 the force again

increases strongly as one would expect from the WLC model. At a distances of the

full contour length l0 of the DNA the force drops rapidly as if the molecules would

have been broken. The fact that the breakage occurs at the contour length of λ-DNA

strongly indicates that DNA is responsible for the measured force. After an extension

of 1.6 l0 the fiber approaches again the cantilever. For small distances a round off of

the curve is visible what could come from squeezing of the DNA carpet.

The same measurement is shown in Fig.4.15.c and Fig.4.15.d but the fiber started at

a distance at 1.2l0 from the cantilever. Again by approaching the fiber and the can-

tilever a rounding off of the force curve is visible, and when the fiber retracts from the

cantilever a force behavior qualitatively the same as described above is observed. If

one assumes that breakage occurs where the plateau of the B-S transition for a single

DNA should start, one can deduce from the breakage force a estimate of the numbers

of molecules involved into to force extension curve. Since the B-S transition occurs

at a force of 65 pN and the breakage occurs at 1.6 µN around 2.6 × 104 molecules

13Remember that the washing procedure can remove the grafted DNA from a surface and one has
to do this very carefully with a sufficient big droplet of buffer solution.
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Figure 4.16: Fit to the WLC Model with a persistent length of 53 nm from the fit
one gets the number of molecules. (a) Number of molecules 1.07 · 104 b) Number of
molecules 2.2 · 104

contributed to the measured force. This number is consistent with the number of

molecules grafted to the front side of the fiber at a grafting density of about 0.1

molecules per µm2, which would be around 4 ·104 molecules in total. However, as one

cannot expect that all molecules are grafted on both sides this is an upper limit of

molecules one can measure. The part of the force-distance curve between 0.5 l0 and

0.9 l0 were fitted to the interpolation formula of the WLC force versus extension:

F = k

(
x +

1

4(1− x2)
− 1

4

)
. (4.7)

where x = z/l0 and k = N kbT
lp

is the entropic spring constant of N molecules with

a persistence length of lp = 53 nm. The fit result is N = 1.07 × 104 molecules for

Fig.4.16(a) and 2.2 × 104 for Fig.4.16(b) respectively. Both numbers are consistent

with the number of molecules grafted on the front side of the fiber. It should be em-

phasized that the measurement was not reproducible because of the reasons described

above.
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4.3 Discussion

Although the successful force-extension measurement on a DNA carpet shown in

Fig.4.15 was a single event, the fact that the force drops back to zero at the contour

length of λ-DNA supports strongly the idea that the force was generated by DNA.

This observation confirms the feasibility of stretching a carpet of DNA with a simple

force apparatus. For combined measurements of force and birefringence still a lot of

problems have to be solved. The first point is to clarify the reason of why the DNA

breaks. The fact that the breakage is reversible indicates that the tether itself breaks.

Investigation with fluorescence microscopy showed that the streptavidin/biotin link-

age broke [51]. To see this, a spherically shaped glass surface14 coated with strepta-

vidin was brought in contact with a gold covered coverslip on which DNA has been

grafted by the thiol/gold chemistry; the free end had been functionalized with biotin.

The thickness of the gold layer was less than 20 nm enabling an observation of the

YOYO-1 labelled DNA. Because of the spherical shape there was a region were the

distance between gold surface and glass is in the order of the thickness of the DNA

carpet of about 1 µm and thus one expects to obtain double-end-grafted DNA. In-

deed by moving the upper glass with a motor a couple of molecules were stretched.

When the DNA was fully stretched, the tether at the streptavidin-coated glass sur-

face broke. Surprisingly there were molecules which were able to bind again to the

streptavidin surface even though the tether has been broken before. This could ex-

plain the observation made with the force apparatus why we observed a breakage of

the molecules and why the force could be measured again. To enhance the stability

of the streptavidin/biotin linkage one could functionalize each DNA molecules with

multiple biotins with a technique described in [17].

The second point for a successful investigation of the B-S transition is the force

apparatus itself. Because of the bad reproducibility of the experiment a lot of im-

provements are required for routine force measurements. One important point is the

possibility of grafting the DNA inside the sample cell in order to preserve the DNA

from being damaged by shear flows. Furthermore the stability of the system has to

be improved. A more compact design would be desirable what can be achieved with

smaller cantilever. For a cantilever of a length of 7 mm and a width of 1 mm the thick-

ness has to be 30 µm to get a spring constant of 1 N/m. Such thin glass is provided

by Schott and it has been shown that one can achieve a force resolution of ∼ 10 nN

14The spherical shape were created by melting a glass rod.
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with such thin cantilever and fiber-interferometric force measurements [155].

.



Summary

The goal of the present work was to develop chemical, molecular biological and phys-

ical methods for stretching an ensemble of DNA molecules in a defined way, in order

to perform structural analysis of the B-S transition of DNA which may shed light

on the interaction of DNA with the RecA protein, responsible for recombination in

E.coli. For force-extension measurements on an ensemble of DNA molecules we have

constructed a new force apparatus, whose development and characterization is pre-

sented. Inside this device functionalized DNA has to be chemically grafted between

to substrates for force-extension experiments.

First the efficiency of functionalizing DNA with specific adhesion molecules such as

biotin, digoxigenin and thiol for end-grafting DNA onto a substrate is determined.

We show that at least about 70 % of a DNA assay can be labelled with biotin or

digoxigenin. The grafting of DNA onto different functionalized surfaces was verified

by fluorescence microscopy. For end-grafting DNA specifically onto a streptavidin-

coated glass surface via the biotin linker we found a maximal DNA density of at least

about 0.14 molecules/µm. The same maximal density is achieved for coupling DNA

onto a gold surface with the thiol linker. However in case of digoxigenin maximal graft-

ing density is reduced as much as a factor of 10 whith respect to biotin-streptavidin

grafting. Based on the binding kinetics of biotin-labelled DNA molecules we also sug-

gest a diffusion-controlled binding model and propose future studies on the influence

of tether-length on ligand-receptor binding kinetics.

The characterization of the DNA carpet by confocal fluorescence microscopy sug-

gested to perform optical single-molecule experiments. The contour length of YOYO-

1 stained λ-DNA at a dye:basepair ratio of 1 : 5 was measured to be 19.8. µm by

stretching the DNA in an electric field and applying the WLC-model. The value is

consistent with values available in literature. By measuring static and and dynamic

properties of DNA molecules stretched by an electric field we have shown how one
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could investigate the influence of hydrodynamic interactions in the case of electro-

kinetic stretching of DNA molecules. Using the longitudinal resolution capabilities of

confocal microscopy we measured for the first time 3-dimensional monomer density

profiles of end-grafted DNA molecules of different length and found an excellent agree-

ment with theoretical predictions. Using fluorescently stained colloids we labelled the

end segment of individual DNA molecules and were able to measure the distribu-

tion function of the end-segment of end-grafted DNA molecules. Our results provide

the first direct experimental test of theoretical predictions for the conformation of

end-attached polymers in the mushroom regime.



Appendix A

List of suppliers

Nucleic acids:

• Oligomers: MWG Biotech AG, Munich, and Thermo Electron Gmbh, Ulm

• λ-DNA: Fermentas GmbH, St. Leon-Rot and New England Biolabs GmbH,

Frankfurt am Main

• KiloBase DNA marker: Amersham Bioscience Gmbh, Freiburg

• λ-DNA HindIII Digest: Amersham Bioscience Gmbh, Freiburg

Antibodies and Enzymes:

• Strepatavidin: Roche Diagnostics Gmbh, Mannheim

• anti-digoxigenin: Roche Diagnostics Gmbh, Mannheim

• SfoI, ApaI, KasI, NaeI, AscI: New England Biolabs GmbH, Frankfurt am

Main

• T4 Ligase:New England Biolabs GmbH, Frankfurt am Main

• T4 Polynucleoide Kinase: New England Biolabs GmbH, Frankfurt am Main

• Klenove Polymerase: New England Biolabs GmbH, Frankfurt am Main

Dyes:

• YOYO-1, BOBO-1: Molecular Probes, Leiden (Distributor: MobiTec, Göttingen)
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• Ethidium bromide: Amersham Bioscience Gmbh, Freiburg

Beads

• Dynal-beads M-280 Streptavidin: Dynal Biotech Gmbh, Hamburg

• Magnetic anti-digoxigenin particles: Roche Diagnostics, Gmbh, Mannheim

• Fluospheres

• TransFluo Spheres NeutrAvidin: Molecular Probes, Leiden (Distributor: Mo-

biTec, Göttingen)

• TransFluoSpheres unlabelled : Molecular Probes, Leiden (Distributor: Mo-

biTec, Göttingen)

Miscellaneous:

• Gel Extraction Kit: Quiagen Gmbh, Hilden

• Ethanol: Sigma-Aldrich Chemie Gmbh, Steinheim

• 3-Amino-propyltriethoxysilane: Sigma-Aldrich Chemie Gmbh, Steinheim

• Glutaraldehyde: Polysciences, Warrington, USA

• DTT: Roche Diagnostics Gmbh, Mannheim

• Catalase: Sigma-Aldrich Chemie Gmbh, Steinheim

• Glucose Oxidase: Sigma-Aldrich Chemie Gmbh, Steinheim

• Surcose: Sigma-Aldrich Chemie Gmbh, Steinheim

• Tris base: Sigma-Aldrich Chemie Gmbh, Steinheim

• EDTA: Sigma-Aldrich Chemie Gmbh, Steinheim

• Agarose: USB, Cleveland

• TBE:Sigma-Aldrich Chemie Gmbh, Steinheim

• Nick Columns: Amersham Bioscience Gmbh, Freiburg

• Coupling buffer: Ademtech, 33600 Pessac France
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