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Abstract

The topic of this project is Cg fullerenes interaction with DNA. To study this interaction,
DNA is tethered between two beads, by means of an optical trap. By pulling on one of
the beads with the trap, it is possible to measure an elastic force response from the
DNA in the picoNewton range. Mathematical models can be used to characterize this
response by a persistence length which explains the DNA’s stiffness. By comparing the
persistence length before and after the addition of Cgo to DNA, it is possible to measure
this response.

Results from this thesis will show that DNA does have a different stiffness due to expos-
ing to Ceo. This implies that C¢o does attach to DNA which is detrimental.
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1 Introduction

Recently remarkable and seemingly innovative products containing nanoparticles have
been launched for private consumers, among others; transparent sun blocking cream
and anti-bacterial soap. One could worry that this new sensational technology might
have hazardous effects. Like asbestos which previously was widely used and now know
to cause cancer. Genotoxicity by exposure to Cg fullerenes, a spherical carbon struc-
ture, in water has been reported (1). These include experiments on live rats exposed to
Ceo Where a genotoxic affect (2), related to cancer by oxidatively damaging nuclei-acids,
have been found.

By using optical trapping it is possible to perform experiments on a single DNA, probing
its elastic response to forces in the pico-newton range. The method has been employed
in this thesis by optically trapping a bead which has been incubated with DNA. Moving
the trap near another, specifically coated, bead one end of the DNA can tether to it by
bonding specifically. Extending the DNA a force-extension relationship can be meas-
ured. Data from the measurements can be fitted to theoretical models for DNA, where-
by a persistence length can be obtained describing the stiffness of the molecule.

The goal of this thesis is to measure any conformal changes in DNA induced by Ceo. Ex-
periments are preformed inside custom built microfluidic chambers which are con-
nected to a precision pump. This allows a constant flow of Cg, to enter the chamber. By
first acquiring force extension curves in the absence then the presence of Cg, the DNA
conformational change due to its stiffening can be deducted through the persistence
length.

The thesis can be divided up into several sections. The first section will elaborate on
what optical tweezers are and how they work, alongside with experiments performed
to test the microfluidic chambers and the pump. Further experiments are done to im-
prove the trapping strength.

The next section explains how DNA tethers are formed, where after the C¢o molecule,
including presentation of observations, is described. The last section is regarding force-
extension curves, the process of acquiring those and presentation of the data.




2 Trapping of colloidal particles by light
An explanation of the forces imparted on a bead from a laser is followed. Thereafter a
bead’s movement in the presence of laminar flow is described. The trap-calibration
method used in this report is presented at the end of this chapter, with the main high-
lights summarized.

Laser Objective

—

| S

Sphere in Optical Trap
Figure 1: Measurement principles: Trapping a bead with a laser, where the bead is surrounded by fluid
having a flow. (4)

2.1 Focus of laser
‘Optical tweezers’ (OT) are in essence a laser beam sent through an objective whereby
it is focused see Figure 1. When the beam is focused on a desired object, forces interact
between the object and laser.

Thus by the use of OT, it is possible to manipulate (3)objects in the microscopic scale
e.g. DNA (4), proteins (5)or an array of molecules (6). In some instances polystyrene
spherical beads are used to facilitate experiments with optical tweezers.

The lasers wavelength A is 1064 nm, since using light in the infrared region will have a
minimal damage on biological entities. Experiments were done with two beads with
diameters d of 1.48um and 3.04um, so d~ A.

The laser has a TEMy mode with a Gaussian intensity profile. The intensity of a Gaus-
sian beam can be written as: I~e *°¥. The laser has a very large beam waist compared
to the bead. To achieve a smaller waist the beam is sent through an objective where it
gets refracted, and converges to a diffraction limited spot. It is this central spot of high
intensity, which is the source of the forces that keeps a bead in a trap.
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Figure 2: A). When the beam gets refracted through the objective it does not converge towards a
point, rather an Airy pattern is formed, caused by diffraction. Figure A) shows disks with a darker spot
in the center. The cone shaped figure is the point spread function (PSF) which is a 3-D representation
of the same disks. Intensity is highest at the center (15). B). That the objective is plan apochromatic
refers to corrected aberrations including spherical aberration. Magnification: 63x, Numerical Aperture:
1.20, and should be used with water as the immersion medium (4). C). With higher laser intensity the
bead is ‘pulled’ in faster towards the center of the trap. One can imagine that higher intensity also
increases the scattering force. High intensity gives a stronger trap, and a higher/steeper PSF profile.

Figure 2 B): Circular resembling diffraction patterns created by this spot can be seen at
different interfaces. The objective is used with water and the condenser with oil. Using
a water objective gives the possibility to focus throughout the chamber.

Figure 2 C): In practice when using OT two types of forces are experienced by the beads.
If the focus is positioned below the bead, closer to the objective, immediately the bead
will get out of view. It is usually found above the previous focused position. On the oth-
er hand when bead is below the focus it will get pushed up into the trap. Thus at least
an axial force works on the bead. Another force works more like a magnet or a spring
mainly in the lateral direction but also in the axial. When moving the focus near a bead
and if the proximity is close enough, the bead begins to approach the laser beam. First
moving slowly and then increasing its velocity until it ends up inside the trap. This is
called the gradient force.

If the bead has d> A the interaction between the laser and the bead can be explained as
follows. The laser is seen hitting the bead with individual rays, and as known from
Snell’s formula these rays will get refracted, the degree of which depends upon the




relative index of refraction. In case of the experiments performed: n (water) <n (bead),
the rays will tend towards the surface normal of the bead. Each ray being a photon will
have a momentum, which changes upon refraction, since its direction changes. Since
there are no other forces to act on the bead (7), conservation of momentum results in
the bead getting a momentum equal to that of the change in the rays. Because of the
Gaussian profile, a higher intensity near the optical axis, translates into more photons.
Having a strong momentum in the optical axis, means that when whenever the bead is
displaced transversely or laterally, it returns to what can be called equilibrium. Equili-
brium would be the laser focus, where all the rays are refracted symmetrically along the
optical axis. The bead is displaced slightly from this point of equilibrium due to scatter-
ing, scattering force works in the direction of the propagating rays, hence the shift in
equilibrium (7), (8).
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Figure 3 lllustrating laser light with Gaussian intensity profile propagating through a lens and afterwards
a bead, when ng, > ng and d> A. Left side shows a bead which is dislocated to the left with respect to the
optical axis. Individual rays with their associated impulses are impinging on the bead. Ray 1 is thin be-
cause the laser intensity is low, it gets refracted to the right which gives the bead same amount of mo-
mentum change P1 to the left. Rays emanating at the optical axe impart more momentum P2 on the
bead, thus total impulse forces the bead to align with the objective. The right side of the image depicts
the bead now in equilibrium in the horizontal level, but impulses will exert a force on the bead towards
the converging beam. (4)

2.2 Motion of free and trapped colloids
The gradient force can be explained in analogy to a spring, and higher laser intensity
results in more momentum transfer to a trapped bead. Thus a strong trap is correlated
to a high trap stiffness through the spring constant.




This section is divided up in two subsections. First the random walk of a sphere and the
restriction imposed on it by a laser trap will be explained. It will then be possible to
connect a beads movement to the spring constant. An elaboration on the shear forces
in a flowing fluid and the resulting velocity is given in the second section.

2.2.1 Diffusion of colloids in solution

Consider a bead in an aqueous solution, which is isolated so no external forces are pre-
valent and the system is in its canonical state. The bead is observed through a micro-
scope, one notices that it is making a ‘jittering’ movement, called Brownian motion
which is random and attributed to diffusion. The surrounding water molecules have
kinetic energy, by transferring momentum to the beads results in the observed jittering.
The stochastic force imparted on the bead from the surrounding molecules is denoted
by F (t). When the bead gains a velocity it will be subjected to a drag force. The force to
drag a sphere in a fluid is given by stokes’ law F = —(v, { = 3nnd is the drag coeffi-
cient (9), n viscosity, d diameter, where v is the velocity of the bead with respect to the
water.

The equation of motion the bead in the microscopic scale is called the Langevian equa-
tion (9):

mi =F(t) — {x . (1.1)
By solving the above equation for the square root mean displacement for long time

kgT .
ry— (9) being the

scale and (F(t)) = 0, gives (x?) = 2Dt in two dimensions, with D =

diffusion constant for a sphere, and n viscosity of the solution.

A dielectric bead will ‘feel’ a force generated from the laser, depending on the gradient
of the laser beams intensity profile. A bead in an optical trap will feel a harmonic poten-
tial (10) from a laser beam with a Gaussian profile, in 1 dimension:

U(x) = %k(xz) ) (1.2)

Then the force can be interpreted as harmonic oscillator: F = —kx. The harmonic po-
tential describes the bead as being confined to a volume and the force retaining it
would be proportional to its displacement from equilibrium, here k is the stiffness of
the laser trap and can be seen as a spring constant.

—
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Equipartition theorem states that each degree of freedom (of the molecules) has an
energy average of%ka and in a potential as the one described above, the bead will

have exactly one degree of freedom.

The situation is thus far that the bead is getting energy from the molecules and it ‘sees’
itself in a harmonic potential trap:
T

1 1
Ek(xz)zzka—)k:kbm . (13)

2.2.2 Parabolic shear stress
When a trapped bead is subjected to a flow, a velocity v dependent drag force is im-
parted on in. Experiments are performed by trapping a bead at different heights inside
a flow chamber during a constant flow, to investigate the parabolic velocity flow profile.
This section will describe dependency of v on the distance from the surface. The flow is
created by a precision pump see Figure 12.

With Navier-Stokes equations it is possible to express relationships concerning fluid
dynamics, in this case describing a fluids equation of motion (11):

av
p (E +v- Vv) = —Vp +nViv, (1.4)

p being the fluid density, v the flow velocity, p the pressure and  the viscosity constant.
. . a . . .
Left side has an acceleration term 6—:, and a term for the fluids convection with respects

to space. Both of these terms times p gives the inertial term. Right side relates to the
gradient of pressure Vp, and the viscosity. With static fluid Vp = 0 and no forces are
created.

A dimensionless number which describes fluids is the Reynolds number (12) (9) , which
is a ratio of: density p, velocity v, viscosity |, and the length scale L which is the height
of the chamber where velocity changes. The Reynolds number describes the ratio be-

tween inertial and viscous forces and is expressed by:
vl
Re = po~ .
n

It is valid for both fluids and objects immersed in fluids. For Re<1 viscous forces will
dominate and laminar flow is present (4).




With Re < 1[Appendix A], inertial forces are suppressed then there should not be any
acceleration, i.e. a smooth flow without swivels and vortexes. The left side inertial term
of eq. (1.4) vanishes leaving (11):

Vp =nViv . (1.5)

Timing both sides with area results in two forces: A'Vp = A”'nV?v, A’ is a cross section
area where the pressure difference exists. A"’ is the area associated with the viscosity.

Laminar flow can be characterized by dividing the fluid into layers, where each layer has
different velocity e.g. higher from the wall of the chamber to the center. In Figure 4 a
blue layer is dragged though water with a constant velocity it will transfer some of its
momentum to the lower layers.
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Figure 4 A) B) C) lllustrating different fluid layers.
The force created by the pump is: Fyymp = P - A = APwdy, AP pressure gradient, w

being the width of the chamber and w>>h so to discard any effects from the side walls.
Since the layers have different velocities this creates shear (resistance), and the force to

move the layers is called viscous force F = —nAZ—; = —7A (12)where A is the area of

one plate and v is the velocity of the layer, note same term from eq. (1.5). The relative

vy
h

is shear. A general condition applies when dealing with flow at boundaries. A fluids ve-

velocity between layers is linear v(y) = 12)the second derivate with respect to y

locity decreases when it is nearer to the walls to a point where the no-slip boundary
condition applies, which in practice means the flows velocity in Figure 4 B (red) is zero,
at the walls of the chamber. By equating the net shear on a layer (Figure 4 C grey) and
equating that to Fyump gives an expression for the velocity inside the chamber. In Figure
4 C), the net viscous force on one layer (gray) arises from the fluid interaction on the
layers bottom and top part (12):

ov ov ov ov 0%v
Frewsseons =1ow | (5) =(55) | =mow|(5) =((55) +(5,7)¢
net,viscous n W[ ay ) ay Jrdy now ay ) ay y+ ayz y




0%v,

dy -0 —nbw(ay2>dy

In the bracket the first part is of the bottom section which feels a drag from slower
moving layers, the derivative is negative. Second parentheses represents the top part,
since the curvature is negative it force is “pulling” the layer. Equating: F,,mp = Fuiscous
gives (12):

d%v AP

ay? = b

To find the velocity profile integrating the equation above is required:

5 AP R AP
f d v=n—bff—1-d y—»—fdv=fn—b(—y+cl)dy

AP/ 1,
=> v(y)=n—b(—5y +ycl+cz),

Using the no-slip boundary conditions: v(0) = v(h) = 0, givesc, = 0,¢; = %h result-

ingin (12):

1A
v(y) = ——py(h -y). (1.6)

2nb
The velocity is dependent on the distance to the walls. Maximum velocity is achieved at
the center between two walls when y = h5, and least velocity near the walls. The over-
all profile is that of a parabolic. Subsequently trapping a bead, during a constant flow, in
the center of chamber should subject it to the highest drag force. The least amount of
drag on the bead should be near the edges of the chamber. Experiments will infer that
the drag force has a parabolic form in between the walls of the chamber.
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Figure 5 shows a diagram where the vertical axis is the normalized height of the rectangular chamber
from [0:1] and the horizontal axis represents the velocity. The diagram is illustrating the parabolic veloc-

re
n
U

ity profile inside a rectangular chamber. A normalized function of (1.6): v(y) = %av(l — v) has been
used to simulate the two red curves, where a = 3—5. If ais large, e.g. from higher pump rate, then the

resulting parabola is steeper and a higher velocity of the flow is achieved. As can be seen the highest
attainable velocity is in the middle of the chamber.

2.3 Calibration using power spectrum method
When performing experiments the trapped beads position (x,y) is detected at consecu-
tive times. To extract the spring constant the power spectrum of (1.7) is required. The
Langevin equation can be reduced by using Reynolds number (10) since v = const,
R<<1 then:

0=F()—{x—kx . (1.7)

Fourier transform in the frequency domain of (1.7) gives:
k
27 (57 = if ) XC) = Gk = 2nfOX() = F(P). 18)

Defining F(t) as white noise (9), gives: |F(f)|? = 4{k,T.

Then taking the squared modulus of (1.8): 4{k,T = |(k — i2nf{)|*|X(f)|%. Rearrang-
ing results in power spectrum:

D

PO = e

(1.9)

where P (f) =2|X (f) |* [ (4)] and most importantly the corner frequency f, = szg
The positional data collected from the PSD is transformed into a power spectrum, which
in turn can be fitted to a function similar to (1.9) whereby we can get the corner fre-
guency and in the end spring constant. The linear relationship between the signal from
the PSD in and the actual position of the bead, by similar analysis by eq. 1.3 a

10
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conversion factor between the singal and position can be found from the distribution of

the position.

X

y I—> z W, ¢ e

Figure 6 A basic conceptual illustration of the detection system used. (4)

Figure 6 illustrates the laser light is propagating in the z-direction, first through an ob-
jective where it gets refracted. A bead is present at or near the beam waist. The con-
denser recollects all the light where after it hits the exposure region, which consists of
small units of detectors each able to register voltage differences. When the bead moves
at the beam waist, the intensity collected by the condenser changes. The change in
intensity is caused by the scattering of the beam by the bead. The change in intensity is
a change in photons hitting the region. The figure tries also to illustrate the importance
of focusing the condenser correctly so all the light is collected.

2.4 Data analysis
A quick recap of the drag and gradient force working on a bead, which should facilitate
interpretation of acquired data. First section beings with positions of a bead and ends

with a corner frequency.

(03]
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postion X dum )
Figure 7 illustrating a scatter plot from a trapped bead.

The first plot shows the position of a trapped bead. As can be seen the bead the bead is
confined within a circular area.
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Figure 8 A) A timeseries B) Histogram of the position

A time series of the movement of the bead in Figure 8 A shows that it resides most of
the time near a certain mean, whereas the rapid oscillations are illustrating Brownian
motion.

Figure 8 B is a histogram of the position. Here it is seen more clearly, by the peak, that
the bead is concentrated around some mean. One can interpret this mean as being the
center of the trap where the bead has the highest probability to be found.

The form of the histogram resembles a Gaussian function. It originates from the fact
that Brownian motion is a stochastic process, a random process which can be characte-

X—X¢

rized by the Gaussian distribution function (10) and (9): P~e 262, where x is the dis-
placement, x. represents the mean displacement and sigma is the variance. The connec-
tion between the movement of the bead and the Gaussian distribution stems from the
Boltzmann distribution. Now the Boltzmann distribution, in this case describes the

12
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probability of the bead being in an energy state in the harmonic potential well (13). This
will result in a distribution in the form of the Gaussian distribution.

Figure 8 B shows a blue line which is the Gaussian fitted function describing the proba-
bility of the bead having a certain displacement.
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Figure 9 Fitting is corrected for: low drift and noise from electronics by cutting off frequencies below
100. And also for bead and surface interaction, cross-correlation and anti-aliasing (34) (45). Cutting off
frequencies above 6000 for; noise; folding back of frequencies, since sampling rate is 11000 Hz; and
unintended filtering by the detector.

Figure 9 shows a power spectrum fitting. Following eq. (1.9), the powerspectrum is
nicely fitted by a Lorentzian function. To show this we turn our intention towards figure
above. The point, where the graph starts to decrease rapidly, is called the corner fre-
quency: f.. For a Lorentzian function converging to O for f — oo the following relation-
ship must hold: f > f,, this is what the graph shows with a negative slope. If f > f, then
the bead performed a Brownian motion inside the trap and hardly feels the confining
trapping potential. This part of the graphs is known as white noise. If f < f. it does feel
the confining trapping potential.

13
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In practice when a bead trapped with OT is observed at a time scale shorter than 1/f,
the resulting measurements would be interpreted as if the bead was free. Thus it is vital

to observe beads at longer timescales than f.:¢ =3mdp =3+ +1073(W - 5) * 3% 1075(m) ~ 2.8 +
10 8(N -s-m)

X 016 +10-3 (%)

=—= ~ 900Hz
2n{ 2xmw*x2.8x10"8(N-s-m)

fe

The experimental timescale was 3 seconds, which is well beyond what is required
1.1ms.

The uncertainty attached to measurements when using quadrant photodiodes are low
(10).

B AU(X)

v

Figure 10 A) lllustrating an optically trapped bead (13). B) A trapped bead in a potential well.

Figure 10 A is of a trapped bead, whenever the bead is not in the minimum of the po-
tential a linear force is exerted on it. The bead feels constrained to revolve around the

harmonic potential well U(x) = %kx2 in Figure 10 B. The steepness of the potential

well and hence trap stiffness depends on the gradient of the laser beams intensity.

The laser beam has a Gaussian intensity profile (see image on page 3). A small beam
waist, see image above, means that the Gaussian profile becomes less broad. Explained
in Focus of laser this means more momentum is forcing the bead into equilibrium (into
the center of the trap). Together with the image of a PSF in [Focus of laser], which
shows the intensity; it explains a smaller Gaussian profile and beam waist (beam spot)
means PSF’s central peak has a higher gradient thus Fy,.4q~VI. A narrow potential well
is achieved by increasing the gradient of the lasers intensity. This can be done by in-
creasing the lasers intensity or decreasing the laser beams waist.

When the bead is trapped and a flow is present, the bead’s relative velocity v with re-
spect to the water is parallel with the drag force F = —vz¢.

14
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There are two considerations. One is the overall or major shift in the beads position due
to drag force. The other is the restriction in Brownian motion around a certain equili-
brium position. In Figure 11 A) there is no flow and the situation is as Figure 10. Figure
11 B) has a flow present which results in a drag force is imparted on the bead which
makes it shift position a certain amount, shown in Figure 11 C). A new equilibrium is
reached when the trap made by OT is just as strong as the force exposed on the bead
by drag force from the flow, Fy,q5 = Fypring: k(x + x) = ¢v. That results in a new

effective spring constant: k = Z—Z and hence a new effective potential: U(x) = %(i—z )x2,
assuming that the new effective trap is still harmonic, x is the new equilibrium position,

with a higher spring constant. At higher velocities the harmonic potential well gets
steeper, and the Brownian motion is more restricted.

The effective potential does not necessarily have to be harmonic.

By trapping a bead and increasing the flow rate, it should result in a higher corner fre-
guency for the reasons given above.

A X B (o K
: ~e~P Fgrad Fdrag I
WVL@ ( A €—o0—> @‘ V)V Ve (
] ]
) YaVaVid )
) )
1
Figure 11 A)A bead in a optical trap, black lines illustrate OT and the spring illustrates the force from

the trap B) Waves illustrate a flow and subsequent drag force in addition to a gradient force. C) Bead is
shifted due to drag force.

Keeping a constant flow rate and moving a trapped bead towards the center of a flow
chamber should also result in higher corner frequency, because of the parabolic flow
profile.

2.5 Instrumentation
In this chapter a short description of the optical tweezers setup is given, followed by
additional descriptive information about the most important components.

The experiments were performed in the main optical tweezers lab at setup 1, where the
microscope is a Leica model and inverted, a schematic illustration below depicts the
setup. Only components used will be explained.
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Nd: YVO4 Laser

The laser beam is generated by a diode-pumped solid state laser. The gain medium is an
yttrium orthvanadate(YVO4) crystal doped with neodymium(Nd).

Figure 12 depicts the entire setup. The beam goes through a beam expander. The laser
beam passes through the objective. It converges inside a micro fluidic device. A con-
denser collects the light. The voltage difference signal is sent through different electric-
al component where it gets amplified and is stored on the computer. A lamp above the
second dichroic mirror serves as a light source for a CCD picture. The chamber can be
moved by the micrometer stage.

The fluid system illustrated in Figure 12 is the pump, tubing, chamber vial and waste
container. The blue circles represent valves. The Harvard Apparatus pump 11 pico plus
is a syringe pump. The pump is operated with accompanying software executed
through Labview via a serial connection to a computer. The motor drives a lead screw
which makes the syringe withdraw or infuse, with a constant non-pulsating rate of flow
and a constant pressure difference over the chamber. The pump is used with a 3mL
syringe restricting the highest flow rate to 150 pL/min.

The chamber is formed by two coversglasses: bottom is a thin coverglass and top part is
a thick coverglass with drilled inlets see image above. They are held together with pre-
melted parafilm. Before inserting the parafilm a section of it is carved: 40mm by 5mm,
which is where the experiments are performed.
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Ethanol was used for cleaning in general, including tubes, chambers and the pump’s
syringe. Sections of the tubes were pinned down to avoid any external disturbances.
Disturbances would be in the form of low frequency oscillations and sudden release of
pressure.

2.6 Data presentation
To test the expected laminar flow profile created by the pump | performed experiments
meant to show flow rates parabolic dependency on the height of the chamber. Mea-
surements were acquired by trapping beads at different depths in the chamber with
constant flow rate.

One bead was captured, and the chamber was flushed. The detector was aligned, so its
center conquered with the beads position, with the help of the oscilloscope.

At each height the flow was turned on and a measurement was taken, lasting 3
seconds. This was repeated three times. Then the pump was stopped, when sufficient
time had passed by, so that the no flow was deemed present, the valves were closed.
The valves were opened again and the same flow rate was applied. Again three control
measurements of 3 second were done to show reproducibility.

Two diagrams are presented in Figure 13. Both diagrams show force vs. height. Horizon-
tal axes are normalized by chamber depths, by dividing with the maximum chamber
height. The bottom of the chamber is represented with 0 and the top by 1. Vertical axes
scaled with the spring constants given in piconewton pr. nanometer. The plotted points
are an average of 3 measurements, and the error bars their standard deviation. Some
measured points have been omitted, because the beads would reside outside the field
of the detector.

Bead size 3.04. Flow is in the x-direction. The two diagrams have 2 curves each. The red
curves represents measurements acquired with flow, the black curves are the control
measurement with flow. All four curves have highest values at around 0,5 and lowest
values near 0 and 1. Curves (x-direction): span around 0,0196 to 0,022 pN/nm. Curves
(y-direction): span around 0,017 to 0,0205 pN/nm. The detector was initially aligned
and centered with respect to the trapped bead, when flow was not present. Larger
beads would move out of the field of detection.
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Figure 13 Red curves are before closing the valves, control flow is after opening the vales.
Both curves in each graph show same parabolic trend trends.

2.7 Summary
The first set of experiments proves that it is possible to measure the change of trap
stiffness, caused by the parabolic velocity flow profile, using colloids with optical
tweezers. Data collected for trap stiffness parallel to the flow was expected to be para-

bolic form since flow velocity should by highest in the center of the chamber v(y) =

%%y(h—y). Data collected for trap stiffness perpendicular to the flow direction

should have been constant, showing independence of height. Reason would be that
there is no flow in the perpendicular direction and hence no drag, including no parabol-
ic flow profile.
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It is hard to disseminate a distinct difference when comparing spring constant for flow
and without flow keeping in mind their standard deviations. The overall forms of the
curves are the same taking into consideration the standard deviations. This shows re-
producibility and whatever ‘wrong’ seems to be deterministic e.g. mechanical. Most
likely something was ‘defective’ with the chamber, since the other experiments do pro-
vide some meaningful data interpretation.

The data shows, a relationship between force and height, with reproducibility and a
concurrence with the theory. The drag force is highest in the center of the chamber
because of the parabolic velocity profile, and as known from theory the drag Fy,qg =

—uvy results in the trap being stiffer k = g—z. Thus all force measurement values, parallel

with the flow, are higher than the ones perpendicular to the flow. No drag force is act-
ing perpendicular to the flow direction, making the trap unaffected. As was explained in
the theory the potential well is steeper in the direction of the flow, whereas it is rela-
tively less steep in the perpendicular direction. With a non-symmetric trap the bead will
move more in the perpendicular direction, and thus the trap stiffness measured should
be less.

One problem is with the supposedly independent direction, which is perpendicular to
the direction of the flow, showing a dependency of drag. The valves were closed so no
apparent flow was present. This was checked by observing a freely moving bead. It did
not have any bias. The curves should have been constant with respects to the height.

Uncertainties are still high, although there are clear tendencies i.e. difference in the
values found at between the center of the chamber 0,5 and the edges 0;1.

Chamber design changed by having syringes go through the side of the chambers, in-
stead of drilling holes through the coverslides. Length of the tubing was also reduced,
and the valves were removed. Other precautions were taken to reduce noise to the
system.
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3 Cover Glass

Improving the optical trapping strength of optical tweezers.

Manufacturers produce objectives specified to be used with wavelengths in the visual
regime while trying to reduce artifacts. Using them in optical tweezers, which is based
on infrared light, may not be optimal. By changing the cover glass collar correction
(CGCC) settings, experimental data will explain what the optimal correction will be for a
strong trap. This section will present the investigation of what happens, when an op-
timal CGCC value is not used. The optical trapping strength is dependent on the form of
the intensity gradient and thereby also aberrations [Focus of laser]. The maximum trap-
ping strength is achieved when the aberrations are minimal. Experiments were per-
formed to find: A: the relation between the trapping strength and aberrations. This was
done by observing the trapping strength while adding aberrations. B: Show a relation-
ship between the CGCC settings of the objective, when using different thicknesses of
cover glasses.

3.1 Aberration

Not all of the rays from an object will converge to one point when they transverse
through an objective, notwithstanding the diffraction limited spot [Focus of laser]. One
reason can be aberrations. The effect of aberrations can be minimized see Figure 14.

3.1.1 Spherical aberration

The Gaussian lens equation is derived by interpreting the rays arriving from an object as
being paraxial rays (14) (15) (16). The angles are defined by the incoming rays to the

normal of the lens. Approximating the angles as being small enough, it is possible to
equating cos (6) and sin(6) with their second order Taylor series: cosx =1 — %

sinx =x— % ... This approximation is sufficient for waves in the paraxial regime, but

this in turn sets a restriction on describing rays interacting with the lens’ periphery.
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Figure 14 : The picture shows spherical aberration where the rays are travelling from left to right. Rays
near the periphery of the lens converge at (1). Rays in the paraxial regime are converging furthest away
at (3). Rays in between these areas converge near (2). Longditudinal spherical aberration shows the
“smearing” out of the beam waist in the z-direction, and transverse spherical aberrations shows a wider
beam in the x-y plane. (47)

By addition of the third order in the Taylor series expansion, it is possible to add an
additional term in the Gaussian lens equation (14):%+%= %+ h*k, height h of the

incoming rays intersecting the lens at the optical axis. The equation describes how the
rays at the periphery are refracted more than those which are near the optical axis;
hence the former ones converge closer to the lens’ than the latter ones. Spherical aber-
ration manifests two planes, this means that either the outer edges (1) or the central
part (2) of the object is projected properly, an alternative is choosing the plane between
the two “best” planes. To completely remove the converging rays from the periphery a
smaller aperture can be used, this would result in image detail being lost. A more satis-
fying option to reduce spherical aberrations is by introducing a combination of lenses,
whereby all rays converge to one single point. This can be done with a meniscus lens,
hemispherical lens, a cover glass, and immersion medium air, water or oil. Spherical
aberrations are introduced when light travels from one media to another see Figure 14.

3.2 Objective
In this section features of the objective will be explained. The objective used has a mag-
nification of 63X, and is used with water as the immersion medium. It includes the abili-
ty (CGCC): 0.14 — 0.18 mm thick. Numerical Aperture (NA) for this lens is 1.20.
Turning the reader’s attention to (CGCC): In some objectives a mechanism is included to
correct for deviations of the cover glass thickness.
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Figure 15: Three configurations of objectives are shown. From (a) to (c) the gradient of the laser beam,
seen here as the yellow cone, increases with NA. (15) (49)

To keep aberrations as low as possible and have a high numerical aperture (NA), the
configuration of internal lenses of an objective are designed to work optimally with
specified immersion mediums and cover glass thicknesses. If the cover glass thickness is
different than what is proscribed, it will lead to spherical aberration (17). The CGCC
changes the internal distance of some of the lenses in the objective, which in turn also
changes the focal point, so the objective correlates with the cover glass thickness.

NA is a measure of the amount of being of rays from a sample which an objective can

transmit. If the object is a point source the lens is in effect (re)collecting the rays of a
1.224

NA objective +NA(condenser)’
the objective is placed near the source point, a certain amount of rays will be collected,
placing the objective at a further distance would mean those rays emanating with a
high degree of divergence will not be captured by the objective. This will amount to a
loss of trapping stiffness see [Figure 15]. This is the essence of NA which is described as
(19): NA=n,.sin(6) n. is the refraction index of the medium between the objective and
the cover glass. 6 is defined as being the angle acceptance. A high angle gives a high NA,
which is consistent in having the objective close up. Since 6 has a maximum value 72 a
high index of refraction is desirable, water has 1.33.

point source. The resolution can be described by (18):r =

3.3 Experiment

Distilled water was used as immersion medium. A concentrated solution of beads was
diluted 1/million in distilled water.
A chamber was made by sticking double sided tape along the two long sides of a thick

cover glass thus making a corridor. The chamber was covered by a thinner cover glass,
which would be facing the objective. A diluted solution was injected into the chamber
via the capillary force caused the solution fill the entire cavity. Last step was to close the
chamber with grease. The thickness of the tape was 80-100um. The condenser was
used with oil as immersion medium. To get the optimal condition with respect to the
guadrant photodiode Kdhler illumination was used. Measurements were acquired by




QPD. The laser output power was 200mW. The laser is polarized in the x-direction. The
results of experiments are given beneath.
3.3.1 Results
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Figure 16 All figures show trap strength in the x direction vs. collar values for different coverglasses. Laser
power output: 200 mW; bead diameter 0.8 pm polystyrene; Water immersion objective; At depth of 10
um. A) A to E are the five chamber, where the chamber holder for A was faulty. B) Data for coverglass #
1.5 C) Data for all four different thicknesses of coverglass.
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Experiments were done with four different thicknesses see Figure 16 C), each one with
four chambers and consequently four beads. Experiment consisted of changing CGCC
from highest to lowest value. Polystyrene bead diameter: 0.80um +1%. Four beads
were deemed as sufficient for statistical weight since the low uncertainty of the bead
diameter meant that the differences in beads were low.

Figures show x-axis values representing CGCC in mm and y-axis corner frequency (f) in

Hz. Figure 2 a, shows five curves each representing one chamber/bead. Each point is
based on averaging five calibrations pr. bead, notice small error bars. Curve “A” differed
substantially because of an uneven sample holder. Subsequently only four chambers
were used. Figure 2 b is representing four curves where a thicker cover slide was used.
Figure 2 c is showing four curves each based on an average of four curves for each
thickness. All of the curves increase from lower CGCC values and have a steeper de-
creasing gradient after reaching peak values. Each maxima shift’s with increasing CGCC
value and correspondingly thickness. For thinner coverglasses (cg) the maximum f_ is
higher, which might be because the laser light is refracted less, and less laser power
output is lost.

There was a sharp transition between the highest acquired CGCC value and not being
able to trap a bead. Whereas at the lowest CGCC values a bead would be loosely
trapped, at the slightest external force the bead would escape, and the bead could only
be moved carefully. Lower values of CGCC allowed the bead to be trapped but for a
short time span, not long enough to acquire data. Whenever the bead could not be
trapped, it would be pushed out of focus, when trying to capture it. The highest differ-
ence in F. is about factor 2. Apart from Fx < F.y both directions show the same trend.
The decline of the curves at a slower pace indicates that the objective is more tolerant
towards changes in CCGC fest of the peaks.

There was also a clear visual difference of the bead from the lowest and highest CGCC
values. The beads outer lying dark ring became larger, indicating that the bead had
shifted focus away from the objective. Another observation was the bead could be
trapped in the second potential. This was noted by a shift in the beads focus away from
the objective, a weak trapped bead and a visual shift in the X-Y plain.

3.4 Discussion

An optimal convergence point would be one without aberrations. By using cover glasses with
matching CGCC values minimizes aberrations. Peak CGCC values showed the highest F. which
can be translated into a strong trap.
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Figure 17 : Increasing spherical aberration from (a) to (c). (15)

A strong trap is when Gaussian intensity profile has a high gradient. Experiments also showed us
when moving away from, what one might perceive as the optimal correlation between objective
and cover glass thickness, the F. decreased. This must mean an unstable trap and a broader
profile. Choosing an incorrect CCGC value would result in introducing aberrations. Spherical
aberration will be present in the experiment since infrared light was used, and spherical aberra-
tion is not corrected for light in this regime. It seems that the reason for getting low gradient (F.
values) is because of aberrations [Figure 17]. Spherical aberration widens the focus point which
translates into a bigger the focal region where the intensity is present. Spherical aberration
would move focus points along the z-axis and less in the x and y [Figure 14]. Experiments done
(not shown) with larger beads at lower laser power resulted in the bead oscillating in the z plane,
when at the lowest CGCC value. The reason might be a lower restoring force compared to for-
ward scattering. But the bead moved less in the X-Y plane than the Z direction, which must mean
that the focus has been ‘extended’ along the z direction. Indicating spherical aberrations, and
means aberrations affect the trap more in the z direction than in X-Y plane.

When beads slipped out of equilibrium, the restoring force was not strong enough to
counter the forward scattering force i.e. too much aberration. Aberrations definitely
alter the geometry of the trap and in that effect also the force distribution on trapped
beads.

All of these observations are consistent with experimental data.

3.5 Summary

Since objectives are not corrected for wavelength in the infrared, spherical aberration is
present. It is seen as weakening of the trap. Experimental data showed a maximum f,
can be found. As the CGCC values were changed from the optimal value f. began to
decrease. This was seen as adding aberrations. At certain values the aberration was
strong enough to reduce the Gaussian intensity gradient of the laser, thus making the
trap unstable. Each thickness of coverglasses had their own corresponding CGCC value
where the trap was strongest and weakest. The thickness of coverglass does not seem
to change the effect of aberration, since the curves have more or the less the same
form. That is because the condition to optimize is the same. Both f.x and f.yy are af-
fected by aberrations; there are not any large discrepancies except at peaks. Trap stabil-

25

—
| —



ity is sensitive to aberration, and either aberrations are corrected as f. increases or ab-
errations are added and f. decreases.

Figure 18 shows the horizontal axis depicts the real coverglass thickness measured by a
micrometer ruler. The vertical axis is the apparent thickness measured by laser reflec-
tion or the optimal collar value. The points on the red curve are the coverglass thickness
measured with a micrometer ruler (real) vs. those measured by laser reflection (appar-
ent). The points on the black curve are the thickness measured by micrometer vs. the
optimum collar value. Both change linearly with a slope within 5%. There is clearly a
relationship between laser reflection thickness and the optimal CGCC value.
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Figure 18. Both data sets have been fitted to linear functions, see boxes.

The optimal collar value could now be used for other experiments.
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4 Deoxyribonucleic acid (DNA)

Hereditary information for humans and alike is stored in DNA. Four types of nucleobas-
es are found in DNA, the sequence of which is the information. DNA is present inside
cells; the former is replicated during the division of the latter. DNA can be unwounded
by enzymes which also transcribes the information into a complementary strand. This
strand is then translated by another enzyme into a specific sequence of amino acids
which constitute a corresponding protein.

Various reasons can lead to structural changes of DNA. Some toxic chemicals bond co-
valently or electrostatically with DNA causing damage by inhibiting replication and tran-
scription. Others work indirectly e.g. by inducing the creation of reactive oxygen species
(ROS). ROS in turn, due to oxidation, break strands and corrupt the information leading
to cell death or mutation; which can have serious consequences in the form of cancer.

0.34 nm pr basepair

- >

Major grooves 2.2 nm  Minor grooves 1.2 nm

Figure 19: lllustration of dsDNA model (50) (51) (52). Synthetically formed dsDNA is used in the experi-
ments: diameter ca 2 pm (35) length 1.1 pm.

Watson and Crick postulated the form of a DNA molecule being double stranded
(dsDNA) and twisted in a helical fashion, see Figure 19. The figure illustrates the dsDNA
as being thin compared to its length. It also shows sections over which double helix
completes a turn. Within this repeating pattern the groves created have uneven widths.
DNA is further segmented into basepairs. Each base in turn consists of a nucleotide: a
sugar and a phosphate group and either one of four different nucleobases. Nucleobases
are specific pair wise compatible through hydrogen bonds. Each strand has an end with
a free 3'OH group while the other end has a 5’ phosphate group, both strands run coun-
ter. The exposed backbone consisting of sugar and phosphate groups is polar, hydrogen
bonded and negatively charged. DNA molecules can be in different families of confor-
mations, the most physiologically common is called B-form. Its conformations are due
to its flexibility which depends on ion concentrations. Information regarding conforma-
tions will be elaborated in section [Explaining the DNA model.].
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4.1 Tether formation

OT creates the opportunity to study individual DNA molecules. By measurements of
“mechanical” forces, through the ability to perform force extension experiments, on
single dsDNA. Probing the molecules elastic properties over a range of small forces (pN)
and displacements (nm), gives insight into intramolecular interactions. Assuming in such
a case the DNA’s internal dynamic process is following a path of equilibrium when
stretched. If the DNA complex has been altered, so that it follows a different equili-
brium path, its internal energy enthalpy has changed. In this case the process indicates
intermolecular interaction, in the scenario if Figure 20. In either case dsDNA’s structural
configuration is addressed through its persistence length which relates to DNA’s entro-
py. As mentioned above ions do also influence the dsDNA configuration.

How would one do experiment on single dsDNA? What would the experiments look like?
Analog to probing a spring’s characteristics by F/X =K, in a similar manner applying a
force to measure a displacement is done by actually stretching a dsDNA. This part is in
essence what roughly the whole experiment boils down to. A strategy illustrated sche-
matically in Figure 20:
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Anti-digoxigen ¥ Optcal © Steptavidin Micropipotte
[ Digoxigenin rap
7 Nanoparticles

Figure 20: Experiments are carried out inside flow chambers, in solutions with and without Cg,. Small
bead 2.1 um, large bead ca 3.09 um. Protocols are in [Appendix]. Not shown: A steady flow of Cg is
flushed into the chamber and capillary pressure created current. Picture is a top view in the x,y plane,
view from the streamed picture from computer. (4)

A. A bead is trapped by a laser and subsequently moved in the vicinity of a pipette
inlet. At a sufficient distance the capillary force is strong enough to suck the
bead to the mouth of the pipette.

B. A larger bead is trapped and subsequently calibrated, where after it is brought
next to the small bead.
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C. The dsDNA attaches specifically to the other bead thereby tethering the mole-
cule.

D. The pipette is moved away from the large bead in the process stretching the
dsDNA, and relaxing by subsequently moving back. The procedure is repeated
preceding introduction of a solution with Cg.

Stretching-relaxing the dsDNA induces a force on it, whereby a force-extension relation-
ship is achieved see Figure 35.

At point “B” the optimal condition is to have a tether form directly between both beads.
To ascertain this both beads are visually aligned by means employing the zoom lens,
obtaining a resolution of 0.08 nm pr. pixel, and digital zoom. Alignment in the plane is
done by centering the beads with the help of digital markers. Throughout a beads dept
it has a distinct pattern, radius and thickness of the white ring. By comparing these fea-
tures their relative height can be assessed.

Fishing for a tether: The laser power output is lowered so the large bead makes a less
confined Brownian motion and is more likely to approach the small bead. The pipette is
moved towards the large bead in steps of 50 nm and each time being pulled back. Both
procedures employed avoid rupture of a bond and beads colliding with subsequent
multiple tethers, it is also easier to detect bonds. Detection of a tether is observed
when its Brownian motion is restricted and when it is pulled with the pipette, eventual-
ly out of the trap. The released large bead will perform biased restricted Brownian mo-
tion around the small bead.

4.1.1.1 Molecular biology: Handles, multi tethers & broken.

The ends of dsDNA are originally sections of unpaired and dissimilar base sequences.
Molecular pairs of handles, each handle with base pairs complementary to one end of
dsDNA, are added to the dsDNA’s ends. One end is attached with biotin which adheres
to streptavidin coated bead. The other end has the antigen digoxigenin (Dig) which
pairs with its complementary antibody anti-Dig coated bead. DNA molecules are incu-
bated with streptavidin coated beads over time where after they are bonded [Appendix
B.]. In “C” the free end of DNA finds an anti-Dig binding site on the other bead, it would
take within minutes to form. Before each experiment a fresh batch of DNA grafted
beads were produced. This was due to time dependant “degradation”. When used the
same day a tether would generally form within minutes. If a batch was used after sev-
eral days it would take several minutes to form a tether, and no tethers would form
after more than one week.
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streptavidin anti-dig GGGCGGCGACCTCGCGRGATTY | AGGTTACGRGREGGCEACCU
coated bead coated bead N Ry
CCCGCCGCUGGAGCGCCCAA | | TCCAATGCCCCGCCGCTGGA

Streptavidin Anti-dig
C coated bead coated bead

Figure 21: A) Beads are coated with streptavidin and anti-Dig handles (53). B) Only one dig linker on the
DNA might be the reason for DNA-bead disassociation at higher forces (53). C) Strands represent individual
DNA. One is stretched more than the other.

Multi tethering: Multiple tethers do form if both beads are in physical contact, especial-
ly if they stay like that. Tethers will avoid forming near each other due to unfavorable
energy considerations. This was observed when high concentration of DNA molecules
on the streptavidin coated beads resulted in multiple tethers being formed at the anti-
Dig coated bead. In this case the observed trapped bead showed a very confined or non
Brownian motion. To increase the bead-to-bead displacement higher forces are re-
quired than usual. What is observed is a sudden increase in displacement when holding
the tethers in a stretched position or when stretching them. This might be due to one
DNA tether getting stretched before the other, then proceeded by a bond breaking
followed by an increase in displacement for the same amount of overall force. Rarely
was it possible to disassociate both beads from each other.

Specific attachment: From loads of about 25 pN and upwards, bond breaking would be
observed. This might be attributed to, as illustrated in Figure 21, only one Dig anti-Dig
tethering point forming (20). Thus for experiments the stretching distance and laser
power output would usually correspond to, a force less than 25 pN on the DNA. If the
DNA end have had several Dig labels, then it would presumable be possible to have
several tethering points, and thereby exert forces above 25 pN without disassociating
the tethered DNA.

5 Carbon 60
The context of this section will revolve around the carbon-60 (Cs) molecule. First a
short introduction to Cg including a description of its charge distribution, which will be
relevant when describing hydration. Secondly some observations regarding aggregated
Ceo (nCgo) Will be presented.
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5.1 Introduction to the non isomer molecule

Experiments performed over a period of 10 days in 1985 resulted in the formation of
fullerenes, thereof a predominantly stable molecule with an a.m.u. of 720 christened
‘Buckminsterfullerene’ The scientist were rewarded the Nobel Prize for the discovery
(22).

0.7nm

Figure 22: C5o a symmetric 3 dimensional closed cage molecule comprised faces of 20 hexagons and 12
pentagons, and a carbon at the vertexes (22) (54). Black circle in the close up illustrates an aromatic

ring.

The fullerene consists of 60 carbon atoms in a truncated icosahedron structure. Each
carbon atom is bonded to three others through, two long single and one short double,
covalent bonds. Bonds between hexagons are: 0.140nm, and between hexagons and
pentagons: 0.145nm. Molecules stacked as face centered cubic lattice have a nearest
neighbor distance of 1.004 nm. Distance between two adjacent Cs molecules is thus
0.304 nm, larger than the internal carbon to carbon distance of a Cgo molecule. At that
intermolecular distance Cg bond to each other through weak van der Waal interaction
compared to the strong covalent bonds of Cg, (22).

The surface has an electronegative density due to m orbitals which extends outside the
shell and dominates bonding properties (23). These orbitals form aromatic rings in the
hexagons and increase in character as the molecules becomes more anionic (24).

The molecule’s electron affinity stems from the partially filled orbitals. This means that
electron rich species can react with it by transferring electrons. Although the bonds are
saturated the molecule is not ‘super’ aromatic because of different lengths of bonds
resulting in t bonding electrons not being delocalized in the hexagons. That makes the
molecule not ‘completely’ stable but it behaves like an electron deficient alkene (25).
The whole molecule can accept up to 12 electrons whereby all the electron orbitals are
filled (22). Different substrate adsorption experiments have shown a variety of binding
types, strengths. This includes bonding of Cg, with alkali metals which form ionic com-
pounds, by charge transfer from substrate to unoccupied levels (22).

Regarding this thesis Cgqpis dissolved in KD-buffer, which is a salt solution with Mg2+ and
Na'* alkali metals. A Possibility of ionic bonds might form by transfer of electrons up to
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Ceo’s saturations point: Nap;Ceo >, MgeCeo 2. This might affect the ionic condition by
lowering its concentration. Since no change in pH levels of the buffer was observed, a
change immediately in the vicinity could be a possibility (26). The ionic bonds would
make Cg, molecules more anionic. A reduced negative charged density should reduce
electrostatic repulsion of C¢omolecules and make them more susceptible to agglome-
rate.

Following are some noteworthy observations when working with Ce.

Difficult to dissolve Cg Figure 24.

Figure 23: Image from microscope. Dark spots show nC60, by vortexing and sonicatinga a high concen-
tration 1 mM of Cg.

Cep is initially in a powdered form when mixed in the buffer it aggregates. Reducing the
initial concentration of Cg then sonicating and finally vortexing the solution does re-
duce the aggregate sizes [Appendix D.]. Figure 25 A) shows aggregates of C¢; when high
concentration of C¢y was mixed in the buffer. This is not uncommon and there seem not
a standardized protocol which solves the issue of aggregation (27) (28) (29). Although
aggregate sizes are reduced they are not eliminated and single C¢; molecules have not
been reportedly observed (27).

They aggregate with wide variety of sizes and shapes: Figure 24.
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Figure 24: TEM pictures. Solution of Cg, dissolved by sonicating, vortexing and 100 nm pore size filters.

Figure 24 shows TEM images of Cg, mixed in KD-buffer using the protocol. Like Figure 24
A) it shows Cg seem to aggregate. A difference in sizes of nCg can also be observed
both in Figure 24 and Figure 24. But unlike nCq in Figure 24 A) they seem to be below
200 nm in size, which cannot be seen through a microscope. The largest nCe¢, observed
were below 0.5 um, scarcely found and seem to be of the same size. That there are
more than one distribution of sizes has been reported (27).

The shapes of nCg in Figure 24 seem to vary with size. Larger nCq, of about 5 um seem
to be more oval, whereas smaller nCgg seem more around. The TEM images also shows
difference in shapes some are more around whereas others are squarer. These finding
concur with previously obtained results (28). Those results indicated a correlation be-
tween geometric shape and size of nCg, they also found that nCe, were of crystalline
structure.

They can be optically trapped.

It was possible to trap nCg, with small nCgy being stable in the trap compared to large
ones which could only get attracted to the trap but not trapped. Which is a feature in
common with beads [Focus of laser]. Trapped nC¢ would get knocked out by larger or
smaller nCq. That it is possible to trap nCe indicated that they are dielectric since trap-
ping required that they polarizable to interact with electric field from the laser.

The scarcely found nCg below 0.5 um did knock the optically trapped bead out of the
trap. The trapped DNA grafted bead would have a changed pattern due to it being
shifted in the trap. On closer inspection the bead would have a dark bulge, which most
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likely was nCqo. To avoid bead being shifted or getting knocked out of the trap filters of
100 nm pore size were used to eliminate large nCq.

They stick to pipette and also beads: Figure 25.

Figure 25 Picture of pipette inside a chamber filled with a solution of Cg. Solution was sonicated, vor-
texed with 1 mM of Cg. Anti-Dig coated beads have un-specifically stuck to the pipette. Dark mass is Cg.

Figure 25 illustrates a pipette with anti-DIG coated beads unspecific binding to it. The
dark mass is nCg Which is adhered to the beads and the pipette.

0.1

0.01

absorbance (arb. units)

0.001 —

T T T T T T T
260 280 300 320 340 360 380
Wavelength (nm)

Figure 26: Absorption spectrum of Cg, at different concentrations.

UV-absorption spectrums were taken for four different concentrations, Cg, absorption
wavelength is at 350 nm. At concentration of nM the spectrum has too much back-
ground noise meaning the concentration was too low to detect C¢. Subsequently it was
decided to just use a concentration of 1 uM was used for the experiments.
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5.2 Dissolving Ceo in H20
This section explains what the conformation of C¢, might be in water. How this might

affect DNA will be elaborated on in [Discussion: bare dsDNA]. This is a theory proposed
by (30) (26) (1).

It is seemingly trivial but yet still not conclusively clear as to how exactly C¢o and water
interact. Two descriptions of theories are presented (30) (26). First case emphasizing on
the hydrogen bonding through the aromatic rings, the other one on attracting a hy-
drated layer on Cg. In both cases molecules end up having a negative layer.

Electron clouds of t bonds above the hexagonal plaints of C¢ can form hydrogen bonds
with water donating hydrogen atoms. The hydroxyl of 20 water molecules should be
able surround a C¢o molecule by positioning centrally and vertically over the 20 aromatic
rings, Figure 27. Additional layer of 60 H,0 can bind via hydrogen bonds to these 20
molecules to further form an eventual larger icosahedral water cluster Cgy(H;0)g0. This
results in a negative charged surface, via weak hydrogen bonds.

Figure 27: A) Cgo(H,0)g, - Icosahedral water cluster. Inner most (H,0),, dodecahedrals cage similar in size
of Cgo. B) 10 H,0 part of a water network, in between hexagonal rings of 4 different C¢, molecules.

Electron density in Cso molecules is high in hexagons and in between carbon bonds.
Thus allowing the carbon atoms to be electron deficit. This would allow lone pair elec-
trons from oxygen to interact with carbon atoms: C-OHH. It would be possible for these
additional water molecules to be situated under the outer icosahedral water shell, and
be linked to it by hydrogen bonds. Furthermore ionization of C-OHH results in hydration
around Cgo, which will increase the negative charge of the surface of Cg in addition to
making the solution acidic. Hydrogen ions associate in water around shell. Up to 6 elec-
tron donating hydroxide ions can add to the electron density of the aromatic hexagon
rings resulting in a stronger OH — 1 electron hydrogen bonding: Cg(OH)s(H,0)s0. Clus-
ters of 13 Cgof size 3.4 nm have been detected, with hydrogen bonded H,0 filling the
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spacing between the Cg molecules (30). lons destroy expanded water networks result
in coagulation of Cg (30). The hydrogen bonds are stronger than the OH-it bonds, and
there will likely be weak van der Waals forces in between the Cg molecules.

Figure 28: A cluster of C60. C¢o(H,0)4020: Diameter of carbon clusters 3.5 nm (30). Hydrogen atoms have
been omitted.

Another possibility might be of Cgy having the ability to react with water molecules and
form a complex with hydroxyl ions through its electron affinity trait. Possible reaction
would be as follows. C¢o molecules electron accepting ability might attract lone pair and
as a result draw oxygen atoms towards its surface, subsequently polarizing the H,0
molecule. One Hydrogen atom from the attracted H,0 molecule would form a hydrogen
bond to an OH" from the aqueous solution and create a H,0 molecule. End result would
be Cgo acquiring a negative charge by an adsorption of hydroxyl ions (26).

5.3 Discussion and summary.

Experiments seem to indicate a C¢ - H,0 complex, Ceo hydrated (31) layers and sizes of
3.4 nm aggregates (32). These formations have been theoretically (33) evaluated. In
these experiments organic solvents where used to dissolve Cg. These organic solvents
mitigate aggregation when compared to dissolving directly in water (27). Another issue
is organic residue at the Cq, which have been proven to produce a more toxic effect,
than when solvents have not been used (28). Subsequently use of organic solvents
where avoided during experiments.

Ceo molecule has been detected in nCg, form. They must be polarizable since they can
be optically trapped, and it is expected that C¢; molecule as a varying electron density
on the surface. This in turn can lead to it being surrounded by a water cluster.

Thus far it is possible that a Cq's electron affinity attracts Mg”* and Na* and form of an
anion which might make it more susceptible to interact with DNA, since electrostatic
repulsion is decreased.
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Other experiments (26) have shown that nCe, have negatively charged surfaces and are
stable due to strong electrostatic repulsion. These experiments have also shown that
the electro negative charge decreases as concentration of H" increases. Through titra-
tion experiments it was found that OH" is the ion which determines the negative poten-
tial of the surface.

Even with a negatively charged surface it was observed that nCe does adhere to the
glass pipette, the anti-DIG coated beads, and also the DNA grafted beads. Which leads
to the possibility that nCgy might be able to attach to DNA.

It might be possible that Mg®*, Na* and H' can act as mitigating agents to the electros-
tatic repulsion and subsequently increase possibility of interaction with the negatively
charged DNA backbone.
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6 Force extension curves
To recapitulate the experimental setup: A dsDNA is tethered in-between two beads.
The pipette mounted bead is moved by the piezo stage relative to the other bead,
which is held stationary in the optical trap. As the pipette is displaced an increase in the
distance between the beads generates a force on the dsDNA. Measurement of the
trapped beads displacement, due to a force response from the dsDNA, leads to data for
a force-extension relationship.

First section will explain what the process is achieve to FEC’s, proceeded by explaining
what to do with FEC’s.

6.1.1 Data processing
Two sources of data were used to create force-extension curves; a photo diode and a
piezo stage. Explained in [Calibration using power spectrum method] the photodiode
detects the scattered laser from the optically trapped bead. It correspondingly produces
two sets of signals relating to the bead’s two-dimensional position (x,y) on the diode in
volts. The signal from the piezo stage is also positional in the form of volts.

The 1/O between the detectors and the user is facilitated and managed trough a custo-
mized program software interface. A generalized information flow:

Statechart
Data signal Labview Crutpt weitih >
with position Aquisiton Sy, Meg @and s S

Sy [V] Fiezo stage control asg [V]

ASCI files
“':m,_—-"" /—\ ™ containing output

FPiezo Stage

output fromm
=4 Aucquisition

E—G ] ’ Y
Photodiode c."" Calibration " fe

Pump Pump N, in Matlab

Control \\ 4 L Ddif

r
Xaig AN Waig [V | Mg Aand Yaug [WVias

Figure 29 Acquisition, Piezo stage control, pump control developed by Ph.D. student Fabian Czerwinski.
Data is streamed into data files files and stored. The data files contain three columns of:
signals ysg, also being the direction of pipette displacement, x; and the stage S,.

Igorpro, which is a data analysis software, is utilized for processing the data into force
extension curves and fitting models of DNA to the data. A script compiled in Igorpro was
developed for processing the data. The inputs for this script are the data file and input
parameters mainly conversion factor “D,” and trap stiffness k., for each of the x and
y signal. The most significant output is a force versus extension dataset.
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The script can be explained in a stepwise procedure.

Figure 30 Script developed by Fabian Czerwinski.

At “B” in Figure 20 timeseries of the DNA grafted bead are acquired before tethering for

calibrations. The input parameters k., and D., are obtained by calibrating the bead.

“Powerspectrum” (34) software for calibration delivers a corner frequency f. and also a

diffusion constant Dy for each direction x and y. The trap’s stiffness is calculated by

[Calibration using power spectrum method]:
ktrap =2nyfe.

(volts)?
s

Dgir can be used to calculate Do, Basically Dyg;f ] describes the diffusion of the

optically trapped DNA grafted bead in the solution. Dy is a fitted value based on data of
a trapped beads motion [Calibration using power spectrum method]. With this constant
the other input parameter, the conversion factor, can be calculated by:

D KsT | KT 1
D = = = D 2
con Dgif YDaif 3mnd (Dair)
KpT

2
wherey = 3nnd and D [mT] = [Calibration using power spectrum method].

3nnd

First step is the conversion of the x; and ys column values into actual tangible posi-
tions. For converting the signal values given in volts (Xsg, Ysig) into length scale (Xnm, Ynm)

. m
requires Deon [7]

Dcon(x) * Xsig = Xnm and Deop (Y) * Ysig = Ynm-
Converting the mV values from the piezo stage is done in one step:
nm
Sypm = Sy mV % IOOOOW ,

where the last constant is calibrated by the equipments manufacturer.

Figure 31 shows the measured displacements: y,m, X.m and Sy,m, including the calcu-
lated extension of DNA: ypna. The coordinate system’s center represents the center of
the trap. The circles represent beads; blue: optical trapped; red: sucked to the inlet of a
pipette. The green string between the circles illustrates a tethered DNA. A lighter, pur-
posely horizontally shifted, version of the bead and pipette indicate their vertical posi-
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tion before their movement. In this case the trapped bead has not been aligned with
the pipette. The resulting force is also distributed along the x-axes.

Ynm

YONA ¢ “X
B

Synm

Figure 31: Schematic non-scale scenario of the force distribution and displacements while stretching a
DNA molecule. y axes represent in which the pipette moves.

Next step is to calculate the force applied on the dsDNA when it is extended. When the
small bead stretches the dsDNA, the molecule correspondingly pulls the trapped bead
subsequently exerting a force on the trapped bead. The trapped bead is equilibrated by
the optical trap, with a force equal in magnitude but in opposite direction. The force is
equitable to the force on large bead by the trap:

Fpya = Ftrap .

Right side of the equation is known:
Fy = ynmktrapy and Fy = Ynmktrapy
The resulting force is:

Firap = F = /sz + Fyz.

The last term compensates for the non aligned scenario in Figure 31. With the force F,
known the last step is to acquire the extension of DNA ypya for F, vs. ypna. Displacing the
pipette Sy, displaces the trapped bead y,., both are known. The simple task is to sub-
tract them to give the extension of DNA YDNA: of the:

YpnNa = \/(Synm - ynm)z + x2

The Pythagoras’s theorem compensates for a deviation in alignment.

After executing the last part curves are shown.
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Figure 32 A timeseries of Xsig and Ysig

Figure 32 a timeseries shows data of a tether being extended. In this case the PSD has
not been aligned so that the x and y signals initial mean is not around zero which is in-
terpreted as the traps center in Figure 31. This is corrected for in the script. Oscillation

is due to the beads thermal motion. This plot correlates with the stage movement Fig-
ure 33.

Stage position (mV)

Figure 33 Stage signal Sy

Figure 32 and Figure 33 before 0.5 sec. shows that while the stage is being moved the
bead does not. This must be due to the DNA being extended albeit not taut enough to
exert a force to pull the bead. Figure 32 around 1 sec. shows the mean being displaced
corresponding to the bead being pulled away from the trap center. lllustration Figure
31 shows that if the signal has negative values those are compensated in the calcula-
tions: e.g. due to symmetry distinction the sign of x,, has no barring. In Figure 32 the
Xsig does display a deviation from the initial mean when the bead is significantly pulled
away. It shows that the pipette might not have been completely aligned.
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Filtering, smoothing.

Figure 33 also shows what seems like digitized steps, which does not show on the stage
controller. This has likely something to do with the electronic. The true value is the
mean of the curve. Smoothing with an averaged box cart is used with a window of 400
(4). The displacement of the bead due to extension of the DNA is of interest and not the
Brownian motion. To suppress the thermal motion a Savitsky — Golay smoothing filter is
used on the signals with polynomial regression of 2" degree with a window corres-
ponding to 100Hz. This approach which leaves out a mean is not uncommon. The ad-
vantage of using this filter is its feature to retain maximum and minimum peaks, which
might not de due to thermal motion.

6.2 Explaining the DNA model.
An external force can stretch DNA whereby it undergoes conformational changes lead-
ing to a change in its entropy. This change can be described by elasticity through an
energy relationship based on stiffness trough persistence length (P) and contour length
(Lc).

6.2.1 External force exerted on DNA: conformation change.
A simple way to explain and demonstrate the effect of entropy is by heating up a rubber
band which is stretched out. The band will contract, an effect driven by entropy. As
more conformations are accessible to the rubber band its entropy increases, since en-
tropy describes the randomness of a system: S = —kg * ).; P; In P;, P; the probability of

ow:n
|

the system being in state “i”. Same analogy can be used for DNA. At the outset DNA
should be in its equilibrium state, and energy is required to deform it. In Figure 31 DNA
receives thermal energy from surrounding molecules. Increased thermal energy trans-
ferred to DNA increases its internal energy which resorts to it having increased configu-
rations at its disposal. The DNA is then in more coiled configurations with an increased

entropy, a non spontaneous process.

DNA can be seen as to an entropic like spring. When stretched by an external force the
entropy decreases since fewer conformations are available. As a result the spring exhi-
bits entropic elasticity when a restoring force is generated driving the spring to it re-
laxed equilibrium state. When the external force is removed the entropy will increase as
it will have more coiled configurations. By extending the length x of an actual spring a
force is required, a relationship described by Hooke’s law:F = —Kg,,.ing - x. This model
can be extended to materials which can be elongated and react linearly. This model
cannot be applied to F-E measurements of DNA since FEC’s are not linear [Figure 35:
Black curve based on experimental data. Blue and green curves simulated data with
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constant Lc of 1100 nm.]. Kpring Characterizes the intra-molecular interaction of a spring
the same notion can be applied to generalize DNA. Although its components work coo-
peratively, its mechanical properties can be simplified to parameters like P, by studying
the general mechanical reaction of F-E.

6.2.2 Entropy: property of the material
Energy required to overcome the resistance to bending can be defined as (35):
k,TY16?
E=——.
2s

R

increasing energy ——»

Figure 34: A homogenous molecule described by: #(s) position vector as a function of the Lc where s is a
point on Lc. Its unit tangent vector: % = £(s) with respect to line segment (36)- As thermal energy in-
creases the molecule can be in more coiled configurations (35).

Y being Young’s modulus which describes the stiffness of a molecule related as [stress]
=Y*[strain] in units of Pascal. It depends on the molecule’s composition. / is the moment
of inertia of the cross section in units of length to the power of fourth. It relates to the
geometry of the molecule by the size and shape of the cross section. Both are characte-
ristic properties of the DNA and refer to its rigidity [energy]*[length]. s distance of a
segment between two point along the contour length (L) of the molecule, 6 the two

points relative angle described as (35):
kaZS
(0%) = I
which is valid for small angles. One way of describing the “willingness” to bend is with
the persistence length (35):
Yl
Lp[m] = T

It describes the length scale at which DNA is stiff and is a characteristic trait of DNA
based on its rigidity. In Figure 34 the correlation between the two tangent vectors of
two points over a segment s can be written as (35):

. . _Isl

t(0)-t(s)) =e Lp
The correlation function describes the physical significance of Lp. The function decays
exponentially, as the segment length increases over Lc and the tangent vectors deviate
in direction. Correlation is high over short segments which are relatively straight, but is
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lowest for the entire molecule Lc. If length of Lp increases it leads to a low © where the
vectors and L, straighten out, indicating a stiffening of the molecule. If Lc > Lp then the
DNA is less rigid and more convoluted.

6.3 Mathematical models of DNA: Elasticity
Two models for DNA are used in this thesis. Both theoretical models describe the force
extension profile of single dsDNA, in the force regimes of the experiments where the
extension never reaches Lc. Fitted values from these models are Lc and Lp. If there is a
difference in Lp it implies changed features of the F-E relationship.

These two models were chosen due to a constraint in achieving forces above 25 pN, and
availability of comparable data. Other models could have been used but would be re-
dundant.

6.4 Worm like chain model.
The Kratky-Porod worm like chain (WLC) model defines the molecule as having a conti-
nuous elastic medium. The energy of the molecule can be described as follows (36):

E f’“c Lp |dt(s)
kgT )y |2 | ds

2
) is the curvature of the molecule, F being the applied force. A force-extension

C_F #s)-2|d
kBTS Z S.

(df(s)
ds
relationship derived from the Kratky-Porod energy formula has been obtained by accu-

rate (35) interpolation (37):
Flp 1 x\? 1 «x
kgT Z( B L_C) 4L
This model, and its derivatives, has been used extensively. The model can be used for
dsDNA for forces in the entropic regime (37). DNA molecules elasticity arises from its
resistance to entropy loss. Beyond that the elasticity is dominate by enthalpic contribu-
tions where the chemical bonds of DNA are modified (38). When the DNA is extended
close to Lc the model increases faster than the dsDNA, due to the model being inextens-
ible (39). Figure 34 shows experimental data with two simulated WLC models with a
constant Lc of 1100 nm and Lp 15 and 30 nm. The form of the FEC becomes sharper as
Lp is increased. When a molecule is extended and subsequently a change in its confor-
mation makes it stiffer, that in turn, requires more force to keep the molecule held.
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Figure 35: Black curve based on experimental data. Blue and green curves simulated
data with constant Lc of 1100 nm.

Due note, the goal is not to test the validity or the robustness of the models.

6.4.1 WinKler.
The Gaussian Winkler model describes the DNA as a chain of Gaussian segments (40):

FLLp 3x
kT x2
2(1-%)

The distance between each point along Lc is Gaussian distributed. The main underlying

7 -

difference between the two models is that in the case of WLC the magnitude of the
tangent vector t(s) is constrained to one unit. In the Winkler model the magnitude of
t(s) is not one but it is constrained to an average (t(s)?) (40). The model assumes that
the DNA has a certain internal elasticity which this model can compensate. This intrinsic
elasticity of the Winkler model results in Lc not being fixed due to the segments in the
model also fluctuating; with fitted Lc values obtained being larger (41). Since there is an
inherent underlying difference in the models the force extension relationships are also
“different”.

Both models are not completely correct as they do not consider the chemical structure
of the DNA or the solvents. Nor do they assess rotational and vibration modes which
contribute entropic elasticity (42). The main objective is to detect a change in FEC’'s and
or a difference in the values of Lp.

The main point in this section was that conformation change in DNA leads to different
elastic properties which can be described by Lp.
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7 dsDNA & Ceo

For all experiments laser power output was 1.6 W, stage velocity was 200 nm/s and was
moved 400 nm, with an acquisition rate of 10kHz. Force-extension curves presented in
this thesis have only been smoothed with an average box cart with a window of 50. This
should give a sense of how the raw data looks like where minor deviations from the
mean are visible.

Only those dsDNA molecules which were exposed to C¢ during experiment were ana-
lyzed. For each extension and relaxation process their corresponding data was analyzed
separately. This means that the data presented is for several dsDNA molecules where
each process is treated independently.

Successful extension-relaxation related data was discarded if no extension-relaxation
experiments were possible when Cg was flushed in.

7.1 Presentation of force extension curves

This section will present data acquired regarding extension and relaxation of single
dsDNA, first without then with Cg. Emphasis is on one result from extension of dsDNA.
Where after it will be shown that this result is not unique with multiple superimposed
curves showing the same pattern. Comparing the averaged curves for extension and
relaxation data will show a similarity in trend. At the end analysis with regards to Lp’s
through statistical tests will be presented, showing the level of significance of correla-
tion between data if any.

7.1.1 Data for single stretching dsDNA
A single force extension relationship undergoing extension, for dsDNA in KD buffer, is
illustrated in Figure 36. The horizontal axis, refers to the extension of the molecule
scaled in nm, with a range of [600:1100] corresponding to data points within approx-
imately 650-1050 nm. The vertical axis [0:12] illustrates the force exerted on the mole-
cule in pN, from 0 pN to at least 12 pN. The blue outlined curve represents data related
to experiments.
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Figure 36 Graph showing a FEC of a dsDNA when undergoing extension.

Oscillations in the trace are prevalent throughout the length of the curve. Higher force
fluctuations in the form of peaks deviating from the mean are also present in the ver-
tical scale. Notwithstanding the oscillations and fluctuations, a segment of the exten-
sion ranging from the initial extension about 650nm up to 750 nm, displays a ‘constant’
force plateau with near zero gradient. In this regime the force is below 1 pN. An in-
crease in force is observed of above 12 pN, as extension approaches Lc from 900 nm.
The force-extension ratio increases albeit with a non-linear inclination.

A representative presentation of force extension data was illustrated in Figure 36 and
described. To show the tendency and trend of the F-E experiments, graphs for three
extension procedures were merged and displaced for visual comparison in Figure 37.
The axis is scaled and defined as in Figure 1.
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Figure 37 Three force-extension curves when extending a dsDNA. The blue and red have been displaced
to the left.

Their overall form and trend are the same as described with respect to Figure 36. They
show same characteristics and features: a segment with barely zero gradient constant
force, another segment with an inclination. Albeit overall alignment, discrepancies pers-
ist with oscillations and peaks, but notably the curves do not exactly overlap.

7.1.2 Relaxation data
Note the pink outlined curve plotted in Figure 38 which is data from the relaxation of a
dsDNA molecule illustrating the force extension relationship. Again the horizontal axis is
the extension of the DNA in nm versus the force subjected to it in pN. Both axis are
scaled comparable to the previous figures.

For the relaxation data multiple curves were transposed into a single graph not shown.
They illustrated that the blue curve in Figure 38 is not unique due to them being supe-
rimposed very well on each other showing the same repeated forms and characters.
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7.1.3 Comparing extension and relaxation curves
A comparison between the relaxation and extension curve is shown in Figure 38. The
blue and pink outlined curves are data for extension of dsDNA, black and green the
extension. They show a resemblance in form and features as they show same trend.
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Figure 38 Two extension curves and two relaxation curves are plotted.

Additional data has been added to the pink outlined curve for data relaxation located at
approximately 650-680 nm. An increase in accumulated data points is visible at that
interval, corresponding to where the pipette was held stationary before the piezo
movement.

The quest was to present some representative data visually and point out the main
observed highlights of the force extension relationships. It has been deemed sufficient
to visually confirm the characteristic differences and correlations of the curves. The
main point to infer is that the mechanical process to extend and relax a dsDNA mole-
cule is in this case the same. Although each curve is not exactly the same they are com-
parable. Comments and elaboration follows in [Discussion: bare dsDNA].

7.2 Analysis
The analysis of FEC's involves fitted values for Lc and Lp. Statistical tests on both types
of values will be employed to gauge if there is any correlation or difference between
the values. Results are discussed in the next section.
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All the FEC's were fitted with the WLC and Winkler models in the range from 10 pN
down to the base line below 1 pN. Each fit returned two parameters Lc and Lp.

Table 1 contains the mean and standard error (SE) values for Lp in units of nm from
measurements of extension and relaxation, fitted for both models. These are for values
before the introduction of Cg.

Table 1: Fitted values for Lp in nm (mean % SE; n = 6), n is number of experiments, in the absence of Cg.

Model Extension Relaxation
WLC 11.3+0.9 125+1.6
Winkler 17.5+3.0 16.3+2.0

The differences between extension and relaxation values within their corresponding
models seem negligible considering their SE. Both the mean and SE are higher from
Winkler model than the WLC model.

Probability tests were performed to investigate if there were any significant differences
between the means in Table 1. Student’s t-test was used with the assumption that the
datasets have equal variance. The results for different combinations are given in Table
2.

Table 2: Statistical tests for results without Cg,. Student’s t-test, with equal variance.

p-value
WLC: Extension vs. Relaxation 0.526
Winker: Extension vs. Relaxation 0.737
Extension: WLC vs. Winkler 0.072
Relaxation: WLC vs. Winkler 0.177

Throughout the combinations tested there is a significant correlation in them. Strongest
correlation is within the models. Highest probability of the means being different is
when the models are compared.

Values associated with experiments performed in Cg are depicted in Table 3 with mean
and SE of Lp values in nm.

Table 3 Fitted values for Lp in nm (mean * SE; n = 5), n is number of experiments, in the presence of Cg,.

Extension Relaxation
WLC 334+4.4 39.1+34
Winkler 475+6.5 56.9+5.5

All values are higher than those in Table 1, including their SE. Values from the Winkler
model are again higher.
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Again Student’s t-test was used to find if there was any significant difference between
the means of Table 3. The probability values from the tests are given in Table 4.

Table 4 Statistical tests for result with Cgy. Student’s t-test, with equal variance.

p-value
WLC: Extension vs. Relaxation 0.337
Winker: Extension vs. Relaxation 0.336
Extension: WLC vs. Winkler 0.109
Relaxation: WLC vs. Winkler 0.029

There is a significant difference between the means of extension data from WLC and
Winkler. There is a higher probability of no difference in the means within the models.
This concurs with values in Table 2.

Final set of t-tests were to compare results for in presence and absence of Cg. The
combinations are given in Table 5 with corresponding probability values.

Table 5 Statistical tests for result with Cgo and without Cgy. Student’s t-test, with equal variance.

Ceo: With vs. Without p-value
WLC: Extension 0.00046
WLC: Relaxation 0.00004
Winkler: Extension 0.0015

Winkler: Relaxation 0.00004

It can be concluded that there is a very significant difference between their respective
means.

Descriptive statistics can be utilized to observe a pattern in the data’s distribution and
to compare different distributions. A box plot visually illustrates if the data is skewed
and it is easier to detect points which deviate. The box is plotted according to data dis-
tributed in percentage tile from the least to the highest value. The whole box contains
middle 50 % of the data, where the upper edge defines 75 % and the lower edge 25 %.
The line through the box indicates the median of the data; top 50 % of them are above
it, and top 25 % above the box. The ends of the two beams extending out of the box
represent one standard deviation above and below the mean. Points further away are
defined outliers. The small square is the mean. Data points are illustrated as dots. The
horizontal axis is only used to create a distance. The curves are the normal distribution
of the data.

51

—
| —



[ Jextension
1220 — relaxation
] extension
1200 - .
| . relaxation
1180 - [ ] extension
] relaxation
1160 7] [ Jextension
1140 - [ Jrelaxation
= 1120 1|« o
< 00| - * f:f;l ’ é =
] : .
1080 H{L_o
1060 ]
1040
{1 e
1020
1000 T T T T T T T T
4 < & & < < & &
S S
¢ <

Figure 39 Box plots of Lc from all experiments. Plot includes data from both models.

Figure 39 shows box plots of Lc’s for all experiment and for both model. 1100 nm is the
theoretic value. There are only two outliners. Data from Cg experiments are spread
least. “Winkler-extension” seems to be the most skewed box, tilting towards Lc. None-
theless all the boxes can be seen close to Lc. For Lc’s without Cg the boxes indicate
slightly higher values for Winkler models.

8 Discussion: bare dsDNA

This section is divided up into two subsections, one shedding light on the force exten-
sion curves and the other highlighting Lp values.

8.1 Mechanical characteristics from curve form
The achieved pattern of FEC's is what was expected and corroborate with previously
performed experimental results (41) (37). The patterns of multiple FEC’s in Figure 37
also verifies same similarities in trend of force extension scaling. The FEC’'s superim-
posed in Figure 38 should have overlapped suggesting the same mechanical behavior
description for extension is applicable for relaxation.

Elaboration of the FEC Figure 36 follows.

From the initial extension up to about 1050 nm and to less than 10 pN, the DNA's ex-
tension is less than its Lc, as it begins to straighten out. What is observed is a decrease
in entropy coupled to an increase in force. Even before extending the DNA it is te-
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thered, this removes conformations leading to lower entropy. This implies that there is
a force on the DNA even when it is initially stationary. Relative small contractile forces
are present up to approximately 1050 nm due to dominant entropic elasticity. In-
creased extension precludes more conformations and results in higher entropic forces.
The work done is against entropic forces with the extension nearing Lc, as DNA drives
toward more conformations (43) (35) (44) (39). Bending of DNA due to thermal energy
is reduced.

What is observed from around 10 pN and 1050 nm is the beginning of a sharp linear
force response to stretching (43) (37) (38). The B-form DNA is almost stretched “tight”
as the backbone starts to deform by lengthening of Lc (43). The increased stiffness and
intrinsic elastic behavior is enthalpic where chemical bonds are slightly modified (38).
Close to Lc enthalpic forces become important, where also the bends on DNA cease to
exist, due to its reduced entropy (43). Due to the restriction on the forces which could
be applied, the enthalpic contribution could not be investigated.

Figure 37 should have depicted cycles of extension and subsequent relaxation of
dsDNA. All of the curves should have been aligned. The area between the curves is the
work done by the spring. It seems work is done since either pathways do not overlap
completely: H=AS =F A X #0 i.e. they do not exhibit same entropic. The entire process
is arguable not in equilibrium and reversibility of the mechanical process of extension
and relaxation does exhibit mechanical hysteresis, but is there a change in the DNA’s
bond configurations? If there is how would that have happened, since nothing is intro-
duced into the fluidic system but the buffer?

8.2 Persistence length and contour length

Data for Lc’s have been depicted in Figure 39 from all experiments and both models.
Their spread has been shown in plot boxes. Only four points from the Winkler model
are below Lc whereas 10 values from the WLC model are at or below Lc. This might be
due to the fact that the tangent vector used to describe the DNA model is an average
and not fixed to unit length of 1 like in the WLC model (35) (40). Due to this there
should be a difference as can be observed in Figure 39 and which concurs with (41). If a
5 % margin is acceptable around Lc only 2 points fall outside it is possible to infer that
the sets of data are comparable and fairly centered around Lc. Which would mean that
the models to fit well to Lc.

Table 1 lists means with SE of Lp from WLC and Winkler model measured on dsDNA
molecules. Their means are not far apart considering their SE. There is a difference in Lp
values with those from the Winkler model being higher than those from WLC model as
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concurs with (41). Table 2 explains that values for extension and relaxation do correlate
for each model.

The mean of the measured Lp’s seem rather low compared to what is referenced in the
literature 52 nm (35). The difference being nearly 40 nm or about 4 times higher seems
significantly large. Lp is intrinsic to the DNA [Entropy: property of the material]. A
change in the configuration in the molecule would correlate to a difference in Lp
[Entropy: property of the material]. The experiments were performed in a solution of
relatively high ionic strength 100 mM NaCl and 20 mM MgCl. Since the DNA has a nega-
tively charged backbone of phosphate groups a relative high concentration of Mg** and
Na® ions would reduce the electrostatic repulsion between (35) (37) (44). Decreasing
the energy required for deformational change leads to increase flexibility where the
DNA is more coiled up which intuitively means the stiffness of DNA Lp has decreased. Lp
depends on ionic strength (44) (37), and the differences in Lp are therefore probably
due to different conditions of solutions. In this case a shorter Lp indicates that the mo-
lecule is more flexible, and relatively more condensed and e.g. less likely to extend fur-
ther from the bead surface before tethering.

In (41) dsDNA F-E experiments were performed and the results fitted with WLC and
Winkler models. The fits were restricted up to 10 pN.

Buffer WLC (nm) Winkler (nm)

137 mM NacCl 16+ 5 21+ 4

Theoretical values are larger than values from Winkler are larger than those obtained
from WLC. Their values were found to be consistent with (37). These values are higher
although within range of Table 1. Notice the higher ionic concentration which most
likely attributed the higher values. Considering the ionic concentrations the values from
(41) are comparable to those in Table 1.

9 Result of adding Ceo buffer

In this section data for experiments with Cg, will be presented. It is possible to detect
changes in conformation of DNA through FEC’s, by using appropriate models from
which Lp’s are obtained. That is discrepancies being those between experimental data
with (bare-data) and without Cg (Ceo-data).
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Figure 40 Thick pink FEC without Cg, 6 other with Cgo half of them relaxation.

Graph Error! Reference source not found. depicts multiple FEC’s, one thick pink out-
lined without and the rest with Cg. The main observed differences are as follows:

At the baseline, where the force is around 1 pN, there is a difference between the two
curves. In that the base segment is shorter for Csp-data than of bare-data. In the case of
Ceo-data the initial extension of the DNA has relatively increased. This suggests that the
DNA has been condensed or shortened before it was extended.

Another significant difference is the force, which increases at a faster rate for Cg-data
than for bare-data. The increased inclination occurs near the foot of the baseline up to
around 9-10 pN, where after the inclination seems the same. For C¢-data the gradient
of this part of the curve although steeper is over a short segment. Whereas bare-data
exhibits a gradient change more gradual over a longer segment.. The other point would
be that effectively less work is required to reach the enthalpic regime, since work has
already been done on the DNA by reducing the DNA extension.

The entropic forces increase as conformations are decreased. This suggests that since
the entropic forces have increased, by extending the dsDNA-with Cg over e.g. 200 nm
compared to bare-dsDNA, a decrease in conformation might have followed. Change in
force-extension in this region might reflect entropic change in DNA.

55

—
| —



The multiple FEC’s do overlap much more than those in Figure 38. It is doubtful that the
difference in relaxation and extension observed in Figure 38 is due to some mechanical
malfunction e.g. objective pulling the bead down through the x and y plane, since that
would also manifest itself in Figure 40. Does the Cg apart from stiffening the dsDNA
make it somehow “stable”; in the sense that all dsDNA exposed to Cg, will exhibit more
of the same F-E relationship?

Nonetheless, when Cg is present it does change the dsDNA’s elastic entropic response,
which suggests a change in dsDNA’s configuration when exposed to Cg.

9.1 Discussion of adding Ceo buffer

Since there is a difference between force extension relationship with and without the
addition of Cg, this must mean that the conformation of dsDNA has changed. A con-
formational change should be reflected in its Lp value. A higher rate of increase in the
force extension curve suggests a stiffer molecule. Table 3 lists the mean and SD for Lp
which are higher than those in Table 1. This implies that dsDNA in the presence of buf-
fer with Cg is more stiff. Comparing their means through t-test shown in Table 5 gave
probability values below 0.01 signifying a substantial difference.

The t-tests together with actual difference in the force-extension curves, it is possible to
infer that dsDNA has a different conformation in the presence of Cgp.

FEC's of Cg-data have been displaced shows the general trend for both extension and
relaxation. They also show both mechanical processes aligned and overlap, indicating
that no work is generated out of the cycle. T-test for extension and relaxation for each
model in Table 4 infers that there is not a significant difference in relaxation and exten-
sion.

As explained in [Dissolving C60 ] nCgy might form a complex where around it the pH is
basic. There is also a possibility that is can form ionic bonds with Mg** and Na'* in the
solution. This opens up the possibility of nCginteracting with the backbone of dsDNA
either by ions reducing the electronegative repulsion. Also explained was that nCg has
a negative charged outer shell [Dissolving C60 ]. On the other hand laboratory experi-
ments related to this work showed unspecific binding of nCe to pipettes, dsDNA grafted
bead and anti-DIG beads. Even with a negative charged shell nCg, there is a possibility
that it can adhere to dsDNA.
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10 Conclusion
The goal of the main project was to investigate if Cg interacts with dsDNA, by using
optical tweezers to probe the elastic response of a single dsDNA molecule, before and
after the addition of Cgp.

The Cg molecule’s indirect contribution as a toxic promoting agent has been studied.

It was possible to carry out force-extension measurements by extending and then relax-
ing dsDNA, whereby an elastic relationship was profiled using theoretical models, the
Winkler model and the WLC model from which persistence lengths were obtained
which describes DNA’s flexibility. A buffer with Cso would be flushed into microfluidic by
a precision pump and a repetition of the force-extension would be measured.

Result obtained in the main project shows:

The force-extension curves showed a general tendency of initial low force with an in-
crease when the extension neared the contour length. Curves showed a difference in
response when Cg is present. An increase in rate of force in response to extension of
DNA, and anincrease in the initial extension is also shown.

In the absence of Cg persistence lengths were relative short: WLC extension: 11.3 £ 0.9
nm, relaxation: 12.5 + 1.6 nm; Winkler extension: 17.5 + 3.0 nm, extension: 16.3 + 2.0
nm implying the dsDNA being flexible and more coiled. T-test were performed which
showed no significant difference between extension relaxing WLC 0.526 Winkler 0.737.

Persistence length were longer when Cg was present, indicating a stiffening if the mo-
lecule WLC 33.4 £ 4.4 nm 39.1 £ 3.4 nm Winkler 47.5 £ 1.6 nm6.5 56.9 £ 5.5 nm. T-tests
also showed a significant difference in the presence and absence of Cg with the highest
p-value 0.0015.

Ceo forms aggregates which adhere to dsDNA grafted bead, anti-Dig coated beads and
the glass pipettes. It might be due to the aggregates of Cs which attach to the dsDNA,
either unspecific adhere like observed or the ions of the solution reduce Cg, electroneg-
ative density decrease the repulsion between them. By this the DNA should become
stiffer by locking parts of the DNA.

The toxic affect of Cgg by altering or damaging dsDNA is supported by the results of this
thesis (physical change).

Investigating the toxic affect of Cqy becomes more relevant as the spread of such ma-
terial increases both in quantity but also into different industrial sectors including
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health and beauty. The daily amount of exposure to such material is thus rapidly in-
creasing. Physical attached blocking translation of DNA and enzymes and repair.

Furthermore, the goal of one of the side projects was to improve the trapping efficiency
of the laser trap quickly and in an inexpensive manner. This was done by changing the
collar correction value of the water objective with varying cover glass thickness with a
trapped bead, since the objective is not optimized to be used with a laser.

Results associated with this project showed a maximum achievable trapping stiffness
for each cover glass thickness with a corresponding specific collar value. The result was
used in the main project

Another subproject’s objective was to study the flow profile of the custom built fluidic
chambers used in the main project by trapping and calibrating a bead throughout the
height chamber, when applying a constant flow by a pump. The pump was also used in
the main project.

The result showed that a drag force is measurable on the bead and highest at the cen-
ter of the chamber and lowest the edge of the chamber following a parabolic profile. It
was possible to conclude that the fluidic chamber in conjunction with the pump created
a constant velocity flow profile which follows that of a parabolic as what the related
theory suggests.

10.1.1 Future work

In the future there could be an optimization in the method for achieving results. This
could be done by improving the dsDNA handles to extend beyond the entropic regime
and thus investigate the force plateau, enthalpic regime and hysteresis. If one introduc-
es Cg while having the dsDNA extended, whereby measurements of contraction of
dsDNA. It might be prudent to increase the salt concentration to achieve higher persis-
tence length, since those achieved seem small. Another material which is easier to dis-
solve and one or two parameters can be changed to see its effect on dsDNA.
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12 Appendix.

12.1 Appendix A

For the aqueous solution used in the flow chambers Re is:

P flow rate
cross section of chamber L

3
1.103 %- 20- 10_6mT' 5.10~3m - 120 - 10-5m - 120 - 10-°m

~ 1073

m:-s
n

1.10-3 K9
_ mest

With beads (4) : Referring to thermodynamics, equating the kinetic average energy at
thermal equilibrium in 3-dimensions the mean velocity gives:%m(v2)=§k3T—> (v?) =

/(%) Inserting following values:k, ~ 1.38 - 10723 L, T = 300K, myeqq = 1-1072g, pjqq = 1+ 10732

m3

and by any means the lengths scale is in micro-meters. Re is well below 1.

12.2 Appendix B
Glass pipette.

We pulled our own pipettes. Tips of the pipettes are about one micron meter in diame-
ter. Glass capillaries are sent through a cobber loop and is fastened on the top, and the
bottom part is held to weight. The amount of heat the wire generates is set, so as to
correspond to, the required tip size.

12.3 Appendix B.

Colloid solutions

12.3.1 Beads coated with AntiDigoxigen.
Commercially available 2.1 um in diameter polystyrene beads coated with Anti-
Digoxigenin.

12.3.2 Beads incubated with DNA.
Streptavidin coated beads with a diameter of 3.09 um

DNA was received from Fabian Czerwinski.
Concentration of DNA 0,70 ng / uL marked as “1/100”.
e 7uLPBS
* 2 uL bead solution

* 1 uL DNA solution
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e Slow vortex for 45 min.

1.5 mL KD buffer

The correct concentration of ration between DNA on beads was found trough extensive
trial and error. Effectively the goal is to achieve a single DNA molecule tether, and as
such too small concentration of DNA would result in no tether at all. Too high concen-
tration would, by estimates, result in multiple DNA tether, such a manner time consum-
ing to detach the beads usually ending in a futile effort. In this case the tethered beads
would close to each other, not displaying any visual Brownian motion or in some cases
very little.

12.4 Appendix C

Buffer solutions used.
KD buffer.

Chemicals were taken directly from their stock solutions by use of sterile pipettes. The
chemicals were kept in fridges. For regular use KD buffer was transferred to small con-
tainers with a volume of 50 mL. The buffer in 50 mL containers were filtered through a
100 nm pore size syringe filter before use.

Chemical Raison D’étre Stock Concentration Amount
compound concentration
Tris-HCI 1M 10 mM 5 mL
MgCl, 1M 10 mM 5mL
NaCl 1M 100 mM 50 mL
MilliQ 440 mL
Total 500 mL

49 mL of KD buffer was transferred to the 50 mL containers. 1 mL BSA of concentration
200 pg/mL was added to this solution. Bovineis is used as a pacifier for anti-Digoxigen
receptor molecules. Measured pH 7.8.

MilliQ, or Millipore water is de-ionized water tapped from a machine.

12.5 Appendix D.

Solution with Cg
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Ceo material is in the form of a powdered substance. 9 mg of the material was put into a
plastic vial. 5 mL KD buffer was added. It was sonicated for 3 hours and vortexed. This
was the “stock” concentration. Lowest measureable concentration was used.
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