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3 Materials and Methods 90

was placed in a solution of methyl isobutyl ketone (MIBK)(A.2.8) and
isopropanol (IPA)(A.2.9) (1:3) for 25-30 seconds. MIBK removes the
photoresist (PMMA) etched by the electron beam and IPA removes
MMA /MAA underneath. In this way the desired pattern is formed in the
photoresist layer.

Gold evaporation

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

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

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

DNA.

3.2.3 Preparation of Micro-Channels

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

Fabricating a mold for the preparation of a PDMS micro-
channel

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

Preparation of the PDMS micro-channel

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

Incubation with DNA

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

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

3.3 Results and Discussion

Gold patterning using latex beads

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

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

DNA on gold patterns created via electron beam lithography
Figure 3.8 shows some examples for the results obtained. Molecules bind
to the larger gold islands with diameters ~ 3-5 pm in large numbers. This
is not suitable for the intended study of hydrodynamic interactions of in-
dividual dimers of DNA molecules (compare Figure 3.8b,c). For smaller
patterns with diameters between 1 and 2 um it happens only rarely to
have exactly one molecule on each pattern. Sometimes several molecules
are gathering on one spot and sometimes no molecule can be found on the
whole sample.

Figure 3.8a shows an example where a single occupation of two neigh-
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boring gold islands was achieved. In many other cases, however, the at-
tempts turned out unsuccessful, probably due to minor contaminations
of the gold patterns by residual photoresist. Considering the complica-
tions arising with the method, especially the low yield of dimers of singly
occupied dots, and the considerable time required for the preparation of
each patterned sample this method was not used for further experiments
in this thesis. Moreover, the correct installation of micro-channels in the
micrometer size range on the golden pattern, which is not very well seen
by eyes, turned out to be another severe problem, although marking the
area of the pattern using a microscope and then sticking the micro-channel
to it facilitates the procedure somewhat.

The study of hydrodynamic interactions of individual DNA molecules
tethered to gold island dimers using a fast CCD camera still appears to
be a very interesting experiment, which will have to be carried out along
the lines of the work in the previous chapter. It turned out, however,
that such a study was not feasible within time frame for a single doc-
toral thesis. The present work, however, has laid the ground for the study
of hydrodynamic interactions of individual tethered DNA molecules as a
function of the distance between the tethering points and of the shear
rate in steady shear flows, as well as of shear, shear rate, and frequency
in oscillatory shear flows. In this case, for example, the auto and cross
correlation functions of the center-of-mass positions of the two molecules
may be studied. In a shear flow the autocorrelation will be a function also
of the orientation of the line connecting the tethering molecules relative
to the shear direction. In order to prevent overlap of the fluorescent im-
ages of the molecules the distance between them must be chosen larger
than the expected excursions due to Brownian motion or due to the shear,
respectively. A negative autocorrelation function is expected due to the
negative charge on the DNA molecules and due to the excluded volume
interaction. Positive contributions may arise from hydrodynamics (com-
pare the Bernoulli effect). As discussed above, nonlinear response to an
applied shear is expected in the interaction, that means also in the cross
correlation function. Because of the large number of experimental param-
eters the case of steady shear flows will have to be preferentially studied.
This cannot be done with the set-up described in the chapter 2, but must
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be pursued with the micro-fluidic device just described. A possible non-
linear response are bifurcations to oscillatory behavior of a DNA dimer in
steady shear (compare |78]).
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5 um

Figure 3.8: Gold patterns produced by EBL and incubated with DNA. (a) 1 um gold
islands: the fluorescence pattern within the marked rectangles shows 1 DNA on each
gold disk (b) Disk patterns with 3 pm diameter and (c¢) Disk patterns with 5pm
diameter. The latter show many DNA molecules grafted to each patch.



Chapter 4

Force Measurement of Stretched DN A
Films: Study of Overstretched DNA

4.1 Introduction

The existence of an overstretched state of DNA had been postulated
already by Wilkins et al. [11]. Only much later, however, the force-
displacement response of a single double-stranded DNA molecule was in-
vestigated by Smith et al.[14] in a study involving optical tweezers and by
Cluzel et al. |29] in another study employing micro-pipettes. As shown
in Figure 4.1, reproduced from reference [14], a force of about 2 to 3pN
stretches the A-DNA molecule in these experiments to 90% of its relaxed
contour length L = 16.5 pm (90%, corresponding to around 15 gm). This
response is due to the entropic elasticity of dsDNA [85]. The force then
rises quickly until the A-DNA molecule is stretched to its full length (about
16 pm). The dashed line in Figure 4.1 represents the theoretical prediction
for this part of the force-extension curve based on a model of a worm-like
chain (WLC) in the case of having salt concentration higher than 1073
mM [24]. The WLC model considers a polymer that consists of n Kuhn
statistical segments (by = é%RTZ’ where R4, 1s the maximum length of the
end-to-end vector.). It takes into account the bending rigidity and elec-
trostatic interaction between DNA double helix segments. For even larger
extensions of the chain the molecule stretches at an almost constant force
of about 65 pN (plateau on the curve) to about 170% of the contour length,
before rupture occurs. The authors proposed two different models to ex-

97
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plain the observed plateau: (a) unwinding of the helix and formation of
a parallel ladder and (b) melting of the ds-DNA. They observed a strong
hysteresis and dependence on the stretching rate. The DNA base pair
stability depends on various parameters, like DNA sequences, salt con-
centration, and temperature. For example, A-T base pairs rupture earlier
than C-G base pairs. The melting hysteresis shown in Figure 4.1 disap-
pears with increasing salt concentration and decreasing temperature.

Up to the present day there is considerable controversy about the nature
of the overstretched state of DNA (compare [25, 26, 27, 28] and refer-
ences therein). The 65pN plateau has been interpreted as a cooperative
transition from the B form to a new configuration called S-DNA [29]. Sim-
ulations [86] suggested that there should be two possible configurations of
DNA, different from the B form, either an unwound flat ribbon or a narrow
fibre with negatively inclined base pairs. Up to four different DNA con-
figurations were suggested for S-DNA [87]|. Comparison of force-extension
data for S-DNA and single-stranded DNA showed S-DNA to be distinct
from both double helix and single-stranded forms [88], but that S-DNA be-
comes unstable to unpeeling at large forces, and that at low ionic strength,
or for weakly base-paired sequences, unpeeling can preempt formation of
S-DNA. A recent molecular dynamics simulation [89] predicted the coex-
istence of S-DNA with B-DNA, separated by denaturation bubbles, in the
overstretched state. Different overstretched structures were observed for
3’3’ pulling versus 5’5’ pulling in reference [90]. Molecular combing exper-
iments combined with atomic force microscopy [29] provided evidence for
a transition to a new double helix conformation with a diameter of 1.2 nm
and a helical pitch of 18 nm.

On the other hand, force-induced melting of the ds-DNA, that means
separation of the two DNA strands, was proposed in reference|[91] as the
main mechanism behind the 65 pN plateau. Optical tweezer experiments
[92] confirmed that overstretching comprises a gradual conversion from
double-stranded to single-stranded DNA. A recent review [25]| discusses
many arguments in favor of the DNA melting and rejects the existence of
any overstretched S-DNA state. Another recent experiment by Fu et al.
[93] on A DNA explained the melting of DNA by unpeeling of one strand
from the other starting from the nick. These authors have interpreted the
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experimental results by postulating two competing modes of overstretch-
ing, a slow, hysteretic unpeeling of one strand from a nick, as observed in
[92], and a rapid, reversible transition to a double-stranded overstretched
form of the double helix sSDNA. Which one of these two transitions occurs
depends on the time scale of the experiment and on salt concentration and
temperature according to this model.
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Figure 4.1: Force extension curve of A DNA in B form in 150 mM NaCl, 10 mM tris,
1 mM EDTA, PH 8.0 [14](compare the text).

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

B-DNA C-DNA D-DNA Z-DNA
right-handed right-handed right-handed right-handed leﬁ—h;ndcd
|1 base pairs per turn 10 base pairs per turn 9.3 base pairs per turn 8 base pairs per turn 12 bas'e pairs per turn
pitch =282 A pitch=34 A pitch=31 A pitch=24.2 A pitch=43 A

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

In the present work similar sodium chloride DNA (NaDNA) films were
produced using the same apparatus. The films were then stretched in
small steps, and at each step a diffraction pattern of the film was taken.
The aim was to study the transition of the DNA molecule from the B form
to the S form. Details of the experiment will be discussed in the following
section.
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4.2 Materials and Methods

In this section the method for producing a highly oriented DNA film is
discussed.

4.2.1 Sample Preparation

Precipitation and spinning of DN A solution

The DNA spinning apparatus is shown in Figure 4.3. A syringe pump
(A.3.1) forces the DNA solution from salmon testes or calf thymus
(A.3.2) through a tube to a spinneret multi-pored device (A.3.3), which
is mounted on top of the precipitation column. A solution of 75 vol.%
ethanol and 0.25 M aqueous NaCl (Spinning bath) solution fills the
column and the glass box under it. DNA becomes solid in contact with
ethanol because ethanol is a bad solvent for DNA due to its dielectric
constant. Thereby it causes collapsing of the backbone of DNA. Due to
extrusion through the spinneret, DNA forms fibers in the solution. The 1
m length of the precipitation column is sufficient for DNA to precipitate
due to the presence of ethanol and form a thin string which can be spun
around a teflon cylinder (A.3.4). A fiber guide gathers the DNA fibers
causing them to spin around the teflon cylinder. The teflon cylinder is
moving forward by 5mm in 2 minutes, turning around by 360 ° within 3
seconds, then backward in the same way the same 5 mm within another
2 minutes. Repeating this procedure a highly oriented film of DNA is
produced by collecting the fibers layer by layer on the cylinder.

After some time the ethanol solution evaporates out of the spinning bath.
In order to keep the ethanol concentration constant the ethanolic solution
is pumped by a peristaltic pump into a degasser and is recycled from
there into the upper part of the spinning column. The rate of recycling
flow is (= 72 ml/min). Another peristaltic pump is used to add ethanol
to the solution during recycling. An alcoholometer (an instrument for
determining the percentage of alcohol in a liquid by measuring the relative
density of the fluid when compared to water to determine how much
alcohol is present in the mix), which is calibrated to a solution with 0.2
M NaCl, continuously measures the ethanol concentration.
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Figure 4.3: Wet-spinning apparatus. Schematic taken from [58]

Drying of the film and storage

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

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

4.2.2 Stretching the DNA Film

Stretching cell

A box has been designed for stretching the NaDNA films (see Figure 4.5)
that allows to uphold a high humidity in order to keep the NaDNA films
in the B form. The NaDNA film is kept between two holders and can
be pulled by a micrometer screw which is accessible from outside of the
box. A polished rod connects one of the holders to a force sensor (A.3.5).
The voltage from the force sensor is measured with a data-acquisition
board (A.3.6). After placing the NaDNA film carefully between the two
holders the box is closed with two frames covered with Mylar-Foil ~ 10 ym
(A.3.7) in thickness to keep high humidity during X-ray measurements,
while the foil is highly transparent to the X-rays. The humidity comes
from tissues soaked in KySOy4 solution which are placed in two perforated
boxes on both sides of the interior of the stretching cell. A humidity
sensor shows the humidity in the cell during measurements. In order to
keep the humidity equal to 98% the NaDNA film was placed in the box
five hours before starting an X-ray experiment. This procedure assured
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Figure 4.5: The stretching cell consists of two holders with a saw-tooth profile which
hold the DNA film. One of the holders is connected to a force sensor and the other
one to a micrometer screw that allows to stretch the film in a controlled way.

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

y = —4.16z + 1.7 (4.1)

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

4.2.3 X-ray Diffraction (XRD)

The X-ray diffraction experiments were performed with a rotating anode
source (A.3.8) operating at 40KV with a current of 100 mA at 1.54 A (Cu-
K, line). The mar345 image plate camera used as detector has an active
aperture of 345mm diameter (A.3.9). The stretch box was hanged and
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" 05
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Figure 4.6: Calibration of the force sensor. Graph shows the voltage from the force
sensor in volt versus the force in Newton.

adjusted in the path of the X-ray beam. Always at first an X-ray diffrac-
tion pattern was taken from the film before stretching. The duration of
every measurement was about 20 minutes.

4.3 Results and Discussion

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

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

micrometer screw. The length of the film before stretching was 5.52 mm
and the film was stretched first by 3mm and then in steps of 1mm
up to 16.52mm where rupture occurred. The force-strain curve during
stretching of the film is shown in Figure 4.8 where the strain is defined
as extension divided by the length of the film before stretching. In the
figure the force immediately after stretching is shown. The force read
from the force sensor changed after each stretching step due to relaxation
of the film. It is shown as a function of time in Figure 4.9. The time
dependence is neither exponential nor does it follow a simple power law.
Diffraction patterns for each step were acquired immediately after
stretching, and these are shown in Figure 4.10. For all of them X-shaped
off-meridional reflections are observed, which are characteristic for the
helical structure of B-DNA [97]. The reflection closest to the beam axis
thereby corresponds to the axial helical periodicity of 34 A. In addition, a

strong meridional reflection shows at ¢, ~ 1.85 A (compare also Figure
4.11), corresponding to the base-pair spacing a = 3.4 A. Two more

o —1

meridional reflections are obvious, one at ¢, =~ 1.74 A  and another

o —1

one at ¢, = 1.46 A , corresponding to periodicities of a = 3.6 A and
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Figure 4.8: Force-strain curve for 8 steps of stretching the DNA film. The strains
corresponding to each step are 0.546, 0.725, 0.906, 1.087, 1.268, 1.449, 1.63, 1.812

a=4.3 /OX, respectively. These reflections could be caused by an unequal
tilt of base pairs during spinning of the film [98]. Another reflection

occurs at ¢, =~ 0.8 A_l, corresponding to a periodicity of a = 7.8 A. The
simulations by Lebrun and Lavery [86] predicted that the DNA molecule
can be stretched to slightly more than twice its length before it breaks.
The nearest neighbor distance of the phosphate groups in this maximally
stretched state is predicted to be about 7.5 A_l, which could explain the
observed reflection, if it is assumed that for some of the molecules in the
sample the helix is completely stretched. The experimental observation
that this reflection gains in intensity with increasing global strain in
the sample is consistent with such an explanation. This explanation
essentially identifies the meridional peak observed at ¢, =~ 0.8 A_l,
corresponding to a periodicity of a = 7.8 A, with an overstretched state
of DNA, that is S-DNA. The fact that this x-ray diffraction peak is
observed already at very small strain is most likely explained by assuming
that some DNA molecules are overstretched already in the course of
the preparation of the film, presumably when the fiber is spun onto the
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Figure 4.9: Force applied to the NaDNA film as a function of time after each stretching
step. Time elapsed between every stretching step was 20 minutes. Relaxation of the
film after stretching is obvious in the graph.

cylinder. whereas most of the molecules remain in the B form. Because
the stiffness of maximally stretched DNA will be determined by the
stiffness of the rigid backbone and therefore be much larger than that
of B-DNA, it appears likely that DNA molecules maximally stretched
during wet-spinning support most of the externally applied stress in the
films and breakage of these molecules marks breakage of the film. Melting
of the ds-DNA, which is currently a widely favored model for the behavior
of DNA under large stresses, as an alternative to various proposed forms
of S-DNA, should result in a disappearance of the x-ray reflections typical
for the B form and, possibly, to a plateau in the force-extension curve of
the film similar to that observed in single molecule stretching experiments
using force microscopy or optical tweezers. Both is not observed for
the present films. The stretching of molecules in the films studied here
is therefore obviously fundamentally different from the case of single
molecule stretching experiments. Intensity profiles for all images along
the solid line corresponding to the helical axis indicated in figure 4.10
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Meridiomal axis
-

Figure 4.10: X-ray diffraction patterns of a NaDNA film stretched in 8 steps until it was
broken (A to H). The diffraction diagrams were recorded immediately after stretching
with an exposure time of about 20 minutes. Steps A-H correspond to the ones listed
in Figure 4.9. The black line shows the direction of the helical axis (compare text) and
also coincides with the stretching direction . I: Identification of the observed reflections
with the corresponding periodicities: Numbers report the corresponding periodicities
in A. Meridional and equatorial axis are shown with dotted lines. Dashed lines indicate
the reflections.
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are shown in figure 4.11. These again demonstrate the increase in the
o —1

strength of the reflection at ¢, = 0.8 A |, while the other features remain

essentially constant until rupture of the film.
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Figure 4.11: Meridional intensity profile of the x ray diffraction pattern of highly
oriented NaDNA film for 8 stretching steps, (same as in Figure Steps A-H correspond
to the ones listed in Figure 4.9.

Summary and Conclusion

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



Chapter 5

Summary

In Chapter 2 of this thesis the movement of individual tethered A-DNA
molecules is studied in the absence and in the presence of oscillatory shear
flow using time-dependent fluorescence microscopy. In the absence of
shear the root mean square fluctuation of the center-of-mass position of
the molecules, the radius of gyration, and the longest relaxation time of
end-grafted DNA molecules are determined. The agreement of the mea-
sured radius of gyration in the absence of shear, R, = (0.85 £ 0.05) ym,
close to literature values for R, of A-phage DNA in a bulk solvent, with
the predictions of the Zimm model for a free polymer in a good solvent
strongly hints at the importance of hydrodynamic interactions between
the monomers. From the autocorrelation functions of the movement of in-
dividual DNA molecules the longest relaxation time of end-grafted DNA
molecules is determined to be 7 = (0.79£0.03)s. In a narrow frequency
range 1 Hz < v <6 Hz an approximate empirical power law is observed
for the frequency dependence of the fluctuations of the DNA molecules
with an exponent of -1.4. No theory is currently known to explain this
dependence.

For DNA molecules under oscillatory shear flow the relaxation time for the
movement perpendicular to the shear, averaged over all experimentally ac-
cessible values of shear rate and shear frequency, is found to deviate only
slightly from the value in the absence of shear. For the movement of the
DNA molecules in the direction of the shear, on the other hand, the relax-
ation times are found (a) to extrapolate to a value close to the relaxation
time in the absence of shear, as expected, and (b) to slightly decrease with
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shear.

Comparing the amplitude of the DNA movement in the driven direction
with the predictions of a simple bead spring model different values are
obtained for the distance of the grafting point of the DNA molecules from
the wall in the low and high-frequency ranges, respectively. The discrep-
ancy between the two numbers is attributed to a deficiency of the bead
spring model. Furthermore it is pointed out that, in the case of oscillatory
shear flow, and in contrast to the case of steady shear flow, even in the
simple bead spring model the response of the tethered polymer depends
not only on the Weissenberg number, but also explicitly on the dimen-
sionless frequency wr, which may be identified, up to a constant with the
Deborah number, well known in the rheology of non-Newtonian liquids.
The observed amplitudes of tethered DNA molecules in oscillatory shear,
normalized to the shear and to the observed non-constant values of z.,
are predicted by the bead spring model to depend only on the dimen-
sionless frequency. The normalized amplitudes observed in the experi-
ments follow the predictions of the bead spring model at low frequencies,
but exhibit a drastic enhancement over the predictions of the model, of
more than a factor of two, at around wr = 2. In the frequency range
wT > 10, on the other hand, the amplitudes are smaller than predicted by
the model. Because the shear-induced stress corresponds to the entropic
elasticity range at low forces in single molecule stretching experiments, the
observed enhancement around w7 ~ 2 and also the reduction at wr > 10
are tentatively assigned to hydrodynamic monomer interactions, which
are intrinsically nonlinear, even in the low shear range.

The construction of a micro-fluidic device containing patterned gold
thin films and initial fluorescence microscopy experiments involving DNA
molecules tethered to the gold islands, as described in Chapter 3, lay the
ground for a study, along similar lines as in Chapter 2, of the hydro-
dynamic interactions between two individual grafted DNA molecules at
well-defined distance to each other, in the absence of shear, as well in a
steady shear flow. The steps necessary for the construction of the de-
vice, including the preparation of the PDMS micro-channel and the gold
islands, and grafting of DNA to the latter are complex and considerable
technical difficulties had to be overcome to achieve single occupation of
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neighboring gold islands by DNA molecules.

An attempt to study the nature of the overstretched state of DNA
molecules in highly oriented films of DNA in the B form by x-ray diffrac-
tion is described in Chapter 4. It is shown that, in contrast to single
molecule stretching experiments, the majority of the DNA molecules re-

mains in the B form up to breakage of the film. At the same time a
¢ 21
meridional reflection at ¢, ~ 0.8 A , corresponding to a periodicity of

a = 7.8 A, is observed, which may be explained by the existence of part
of the molecules in a maximally stretched state, as predicted by earlier
simulations. This diffraction peak increases somewhat in intensity with
applied stress, but is already present in the films before stretching. This
may be explained by assuming that in the wet-spinning process part of
the molecules are already overstretched, whereas most of the molecules
remain in the B form. Because the stiffness of maximally stretched DNA
will be determined by the stiffness of the rigid backbone and therefore be
much larger than that of B-DNA, it appears likely that DNA molecules
maximally stretched during wet-spinning support most of the externally
applied stress in the films and breakage of these molecules marks breakage
of the film. Melting of the ds-DNA, which is currently a widely favored
model for the behavior of DNA under large stresses, as an alternative to
various proposed forms of S-DNA, should result in a disappearance of the
x-ray reflections typical for the B form and, possibly, to a plateau in the
force-extension curve of the film similar to that observed in single molecule
stretching experiments using force microscopy or optical tweezers. Both
are not observed for the present films. The stretching of molecules in the
films studied here is therefore very inhomogeneous and obviously funda-
mentally different from the case of single molecule stretching experiments.



Appendix A

List of Chemicals and Materials

A.1 Chapter 2

A.l.1
A-DNA: N3011, New England Biolabs, Frankfurt am Main.

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

A.1.3

Milli Q-water: 18.2 MQ2cm, purified in a Millipore system, Schwalbach.

A.14

T4 ligase reaction buffer: B0202, New England Biolabs, Frankfurt am
Main.

A.1.5

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

A.1.6

Ultrospec 2100 pro, UV /Visible Spectrophotometer: 80-2112-21, Amer-
sham Bioscience, Munich
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A.1.7

Tris borate EDTA (TBE) buffer: 130 mM TRIS, 45 mM boric acid, 2.5 mM
EDTA with pH = 9.

A.1.8

Phosphate buffered saline (PBS) buffer: 136.9mM NaCl, 2.7mM KCI,
1.8mM KHyPOy4, 10 mM NaoHPOy4 in milli-Q water.

A.1.9

Agarose: A9539-100G, Sigma Aldrich.

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

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

A.1.12
Acetone: Sigma Aldrich.

A.1.13
Ethanol: Sigma Aldrich.

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

A.1.15

Isopropanol: Sigma Aldrich.
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A.1.16

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

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

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

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

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

A.1.21

Plano-convex lens: 5mm diameter ,Thorlabs.

A.1.22

Piezo: PX400 Piezosystem Jena.

A.1.23

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

A.1.24

xyz translation stage: Newport.
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A.1.25

Function generator: Agilent 33120A.

A.1.26

High-voltage amplifier: ENV400 Piezosysem Jena.

A.1.27

Imaging chamber: C9974, Coverwell.

A.1.28
Microscope: Nikon model Eclipse TE 200.

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

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

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

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

A.2 Chapter 3

A.2.1
Cover slip: BB024050A1, Menzel-Gléser.
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A.2.2
Ethanol: Sigma Aldrich.

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

A.24

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

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

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

crochem, Berlin.

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

A.2.8

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

A.2.9

Isopropanol (IPA): Microchem, Berlin.

A.2.10

Silicon wafer: Siltronic, Munich.



Appendix A 120

A.2.11
SU-8-100, Photoresist: Microchem, Berlin.

A.2.12
Photomask: ML&C, Jena.

A.2.13

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

A.2.14

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

A.2.15

Teflon tube: Novodirect, Kehl.

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

A.3 Chapter 4

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

A.3.2

DNA sodium-salt from salmon testes, D1626 Sigma, Munich.

DNA sodium-salt from calf thymus, D1501, Sigma, Munich.

DNA solution: 0.15M sodium chloride, 3mM sodium citrate tribasic di-
hydrate, 0.0 mM EDTA disodium salt at pH~T7

Concentration of DNA: (1.5 - 2) 9.
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A.3.3

Spinneret: 720 holes of 70 um diameter.

A.3.4

Teflon cylinder: 80 mm diameter.

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

A.3.6

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

A.3.7

Mylar-Foil: Goodfellow, 61213 Bad Nauheim.

A.3.8

Rotating anode source: J. Schneider Elektrotechnik GmbH, 77652 Offen-
burg.

A.3.9

Image plate: Mar345, marresearch, 22850 Norderstedst.

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