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CHAPTER 2

Experiment

The bulk of the experimental results presented and discussed in this thesis were ob-
tained at the KVI in Groningen. In this chapter, the AGOR cyclotron used to pro-
duce a carbon ion beam of high energy is described. The ion-source (Supernanogan)
used to produce the low energy projectile ions will be briefly discussed. A com-
plete description of the details of the different irradiation setups used at KVI and the
Universitair Medish Centrum Groningen (UMCG) will be given. Finally, the data
analysis procedure to quantify specific strand breaks is presented. This includes the
description of the gel electrophoresis and its practical implementation.
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8 Experiment

Figure 2.1: The normal right-handed "double helix" structure of DNA, also known as the B
form

2.1 Irradiation of plasmid DNA in aqueous solutions with
energetic particles

2.1.1 Preparation of the liquid samples

Plasmid DNA is a useful system to investigate induction of SSB and DSB, since a
SSB relaxes the supercoiled (SC) DNA plasmid to its open circular form (OC) and
a DSB linearizes it (L). In a DNA molecule, the two strands are not parallel, but
intertwined with each other. Each strand looks like a helix. The two strands form a
"double helix" structure, which was first discovered by James D. Watson and Francis
Crick in 1953 [27]. In this structure, also known as the B form (fig. 2.1), the helix
makes a turn every 3.4 nm, and the distance between two neighboring base pairs is
0.34 nm. Hence, there are about 10 pairs per turn. The intertwined strands have two
grooves of different widths, referred to as the major groove and the minor groove,
which may facilitate binding with specific proteins.

In the present work, supercoiled double-stranded pBR322 plasmid DNA (weight
= 2.83 x 106 daltons) was purchased from Fermentas and used without further pu-
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Figure 2.2: The map of creation pBR322 plasmid DNA [28]

rification. pBR322 DNA is multiplied and then isolated from E.coli by ion exchange
chromatography. ’p’ indicates that this is indeed a plasmid. ’BR’ identifies the lab-
oratory in which the vector was originally constructed (BR stands for Bolivar and
Rodriguez, the two researchers who developed pBR322). ’322’ disinguishes this
plasmid from others developed in the same laboratory. pBR322 is one of the most
commonly used E.coli cloning vectors [28]. pBR322 is 4361 bp in length and con-
tains: (i) the replicon rep responsible for the replication of the plasmid (source: plas-
mid pMB1); (ii) the rop gene, coding for the Rop protein, which promotes conversion
of the unstable RNA I – RNA II complex to a stable complex and serves to decrease
copy number (source: plasmid pMB1); (iii) the bla gene, coding for beta-lactamase,
that confers resistance to ampicillin (source: transposon Tn3); (iv) the tet gene, en-
coding for the tetracycline resistance protein (source: plasmid pSC101) – fig. 2.2.
With its 4361 base pairs, it has a length of about 1483 nm [29].

For the irradiation, the highly purified DNA samples (500 ng/µl) in a 10−2 mM
Tris-HCl (pH 7.6) + 1 mM EDTA buffer were diluted in 4 µl demineralized water or
in 4 µl of different concentrations of mannitol (functions as a scavenger) in deminer-
alized water to get a 6.25 ng/µl concentration of plasmid DNA which is subsequently
filled into 1.5 ml cylindrical plastic tubes (Eppendorf). Control samples undergoing
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Figure 2.3: Sketch of the sample holder used in the high energy experiments. Top view of the
sample holder plate (a). Side view of sample holder (b). Photograph of the sample holders
used (c).

the two different irradiation protocols (see below) at zero dose left over 95% of the
plasmids supercoiled and only less than 5% in the open circular form (single strand
break). All irradiations were performed at room temperature.

D-Mannitol (C6H14O6) with purity ≥ 99% was purchased from Sigma-Aldrich
and used without further purification. It was chosen as a scavenger because of the
ability of blocking the ∙OH radical. It is known that ∙OH radicals contribute about
70% to the damage that eventually leads to cell death in case of low-LET radiation
[30].

The total mass of D-mannitol (in gram) needed per volume (liters) was calculated
as follows:

m = c×M×V (2.1)

where c is the molar concentration of D-mannitol (mol/l) needed, M is the molar mass
of D-mannitol (g/mol) and V is the volume in which D-mannitol is dissolved. The
concentration of mannitol was chosen in a range from 0.1 mmol/l to the saturation
point of 800 mmol/l (at 17 ∘C).

2.1.2 The sample holder

For all carbon irradiations, a 4 µl quantity of DNA solution was dropped onto the
middle of a 0.5 mm deep slot in a polycarbonate sample holder. Polycarbonate is used
since due to its composition of low-Z atoms (C and H), it is only weakly activated by
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Figure 2.4: (a): Sketch of the top view of the carbon irradiation setup. (b): Schematic of the
DNA sample holder for high energy carbon irradiation. The plasmid DNA solution is located
between a polycarbonate sheet and a polycarbonate plate. The accelerated charged particles
traverse an atmospheric pressure region, cross a collimator and irradiate the DNA through
the thin polycarbonate sheet.

the energetic-particle irradiation. Additionally, density of polycarbonate is reasonably
close to water’s density so that the equilibrium in dose deposition is not too much
disturbed at the interface between the sample holder and the sample material. After
deposition, the slots were sealed with a 0.28 mm polycarbonate film. A schematic of
the geometry can be found in fig. 2.3 and fig. 2.4b.

2.1.3 MeV ion irradiation

The AGOR cyclotron is used to produce a carbon ion beam of an energy of 90 MeV/u
with an intensity of 10 nA. These ions are transported to the experimental area, using
a standard achromatic beam transport. In the experimental area shown in figure 2.4a
the beam exits the vacuum and is scattered by an 1.16 mm thick lead scatter foil to
produce a divergent beam. The divergence can be tuned marginally by shifting the
waist of the beam closer to or further away from the last quadrupole triplet. However
limitations on quadrupole field strengths and apertures upstream limit the sharpness
of the focus and divergence one can produce by tuning beam optics, make a scattering
foil necessary [31].
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Several collimators along the beam line intercept the outer parts of the beam
which will not reach the sample. The final irradiation field on the samples is defined
by the last collimator with a diameter of 30 mm at about 10 cm in front of the sample
position. Due to the divergence induced by the scatter foil and the long distance (3.25
m) the beam profile is very broad at the last collimator. There are more efficient
methods to produce flat fields, like scanning or wobbling [32], but these are much
more sensitive to the beam stability. Moreover the use of an inhomogeneous scatter
foil in double scatter foil techniques would cause differences in beam energy over the
sample.

The ECR and AGOR cyclotron are capable to deliver a high enough current to
routinely produce a high dose rate (> 30 Gy/min), allowing deposition of the maxi-
mum dose required on a minute time scale.

The samples for which the maximum dose is less than 10 Gy are irradiated with a
dose rate of only 1 to 5 Gy/min. The reduction of the dose rate can be achieved very
fast and accurately by reducing the beam intensity using a "pepper pot" and beam
chopper before the cyclotron. The beam intensity is monitored using an ionization
chamber (BIM) which is readout using a current to frequency converter and a scaler
[31].

Figure 2.5: a) Sketch of the modulator wheel and b) photograph of the wheel.

To maximize the carbon irradiation effect we want to irradiate using the Bragg
peak, this would however mean that we need to position the samples very accurately
in depth, a 0.2 mm error would already cause a 70% dose error. As we do not have
such a precise control over the position of the samples we decided to create a spread
out Bragg peak (1.5 mm) with a modulation technique. This is achieved by using a
modulator wheel which is shown in figure 2.5. Because of the narrow Bragg peak of
carbon, the step size of the modulation thickness should be chosen rather small, i.e.
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≈ 0.2 mm water equivalent in order to create a flat dose distribution. It was therefore
decided to create the modulator wheel from stacks of 0.2 mm thick polycarbonate
sheet material which can easily be cut into the appropriate form. To keep these sheets
in the right positions while being rotated, a frame was build around the sheets. By
dividing the wheel into four segments in which the Bragg peak is modulated over a
full cycle, the SOBP is reproduced eight times for every full rotation of the wheel.
The modulator wheel rotates with a fixed frequency of about 15 Hz which means that
the SOBP is reproduced with a frequency of 120 Hz. After irradiating just 1 second
the dose error due to an incomplete SOBP modulation is less than 1%. In order to
reduce this error such that it is insignificant the minimum duration of an irradiation
is required to be larger than 10 seconds.

Figure 2.6: Horizontal beam profile, intensity, as a function of distance from the beam axis.

In order to place the sample in the front part of the SOBP we use a stack of 2
mm, 0.2 mm and 0.1 mm thick polyethylene plates and film. Using range measure-
ments we have determined the water equivalent thickness of all plates. We have also
determined the water equivalent thickness of the bottom of the box. Gafchromic EBT
film was used to verify the field of the beam. Each hole in which plasmid DNA was
deposited has a diameter of 8 mm then as seen in fig. 2.6 the beam spot covers the
whole plasmid DNA sample. From the fig. 2.7, one can see the adequately uniformity
of the beam when it reaches the plasmid sample. Using the plates we can position
the SOBP with an absolute accuracy of 0.2 mm on the plasmid DNA. The relative
accuracy is even better as long as one does not change the range shifter stack con-
figuration. We choose to irradiate the plasmid in the front part of the SOBP as the
variation of the LET with depth is smaller at the front of the SOBP.
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Figure 2.7: Charge-coupled device (CCD) picture of beam spot with 30 mm wide collimator.

The position of the samples in the SOBP is verified using a stack of partially
overlapping pieces of Gafchromic EBT self-developing radiological films in prepared
sample holders at the same position as the samples. The positions of these films are
indicated in figure 2.8. All of the films are placed perpendicular to the irradiation
beam. As shown in figure 2.9, the two films in the SOBP region are darkest and the
others further out on the side of the SOBP are much lighter. A picture of the set up is
shown in figure 2.10.

2.1.4 High energy photon irradiation

At UMCG, for comparative reasons, plasmid DNA was also exposed to gamma irra-
diation at a range of doses from 0.5 to 300 Gy using a 137Cs source-662 keV photons
(IBL 637, Cis bio International, Gif-sur-Yvette, France) with an activity ≈ 222 TBq
(fig. 2.11a). Inside the source, there are four levels to put the samples in. Each level
corresponds to a specific dose rate. Irradiation was performed at room temperature at
a dose rate of 0.03167 Gy/second (calibration valid till June 2010). To apply a dose
D [Gy] to a sample, the irradiation time T [seconds] has to be set to [33]:

T = [D/0.03617]−9 (2.2)

where T is the irradiation time in seconds, D is the dose to be applied to the samples,
and the actual irradiation time is 9 seconds more than the time which was set due
to positioning of the radiaoactive source. The samples are mounted in the middle
of a metal plate (diameter of 7 cm) to be sure that all plasmid DNA is irradiated by
a uniform distribution of gamma-photons. To check the distribution of the gamma-
photons, we put some self-developing radiological films (fig. 2.11b) in. They were
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Figure 2.8: Dose versus depth scan of the carbon Bragg peak and the spread out Bragg peak
(SOBP)in water. The representation for the position of the films measured the distribution
of the carbon beam (a, b, c, and d). The shift in penetration depth is due to the presence of
additional windows for the SOBP.

Figure 2.9: Distribution of carbon ions beam on films at different positions of Bragg peak
(a, b, c, d), e: film without any irradation.
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Figure 2.10: Side-view of the Carbon irradiation setup during operation.

Figure 2.11: a: 137Cs gamma-photon source outside, b: Zoom inside the gamma source.
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Figure 2.12: Distribution of gamma-photon on films at different doses. a: 0 Gy, b: 0.5 Gy,
c: 1 Gy, d: 2 Gy, e: 5 Gy, f: 30 Gy.

irradiated with different doses. As seen in fig. 2.12, the distribution of the gamma-
photons is uniform for all doses. With increasing the dose, the films are getting
darker.

2.2 Irradiation of freeze dried DNA on surfaces with keV
ions

2.2.1 Preparation of the samples

Initial tests were performed using two different sample drying methods (freeze drying
and drying by evaporation). This was done in a flowing nitrogen environment. For
both drying methods, it is the "free" water in the samples that is being removed. After
drying, 2.5 H2O molecules per base pair remain as structural water [34].

A rather simple arrangement was used to test the two drying methods. Our sub-
strate plate has a series of shallow holes in which we deposited an amount of solvated
DNA which was less than the volume of the holes. In the first method, the sample was
transferred to a freeze drying system. The sample plate was placed on an aluminum
block cooled to approximately -17 ∘C by liquid nitrogen and housed in a glove box.
We maintained a nitrogen environment until the samples had frozen. Once frozen, the
freeze dryer was evacuated and pumped down to about 10−2 mbar with a membrane
pump (oil free) for approximately 30 minutes to remove the water from the sample.
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When the samples are dry, the cooling was turned off and the chamber returned to ni-
trogen environment. The vacuum chamber consisted of a plastic window connected
on a flange using a rubber ring. The sample should not be in the lab environment
until it is dry, otherwise water may condense on the surface. The samples were kept
under vacuum until irradiation time. With this method, the dry plasmid DNA after
recovery was destroyed to single strand breaks. Apart from it, the structure of the
plasmid DNA samples prepared using this method give us a lot of voids for DNA in
the structural form [35].

The second method is evaporation. After deposition of plasmid DNA on the sam-
ple holder, it is put in a closed box (glove box) with low humidity (≈ 3%) and at
room temperature. The samples are dried by blowing N2 to avoid crystallization of
the buffer solute [36] over 4 hours. Upon analysis of control samples that underwent
drying and those that did not, it was found that the proportions of SC, open-circular
(OC) and linear (Lin) forms of DNA were not affected by the drying process. There-
fore, in our experiments, the evaporation technique was used.

Thin layers of dry plasmid DNA were prepared on aluminum foils [37, 38]. The
naturally-occurring surface oxide on all aluminum in the presence of oxygen in the
atmosphere acts as a shield. Aluminium is also chemically resistant in contact with
substances in the pH range 4.0 to 9.0 (suitable for pBR322 plasmid DNA with pH is
8.0). This oxide layer creates a stable, chemically inert surface, ensuring no DSB-
substrate interaction [39]. Aliquots of 4 µl plasmid DNA solution (containing 500 ng
DNA) were placed and fully spreaded within the circles. When the samples are dry,
they are considered as homogeneously covered by DNA molecules. There is a buffer
in the solution which included Tris HCl (10 mmol/l) and EDTA (1 mmol/l). Thus, in
4 µl of solution, there are 500 ng of plasmid DNA and 2000 ng of buffer. Therefore,
at keV energy (from 0.5 keV up to 40 keV) only part of the "plasmid DNA" layer is
penetrated by the ions and hence one can expect that one should reach a saturation
limit as a function of dose.

2.2.2 keV ion irradiation

Supernanogan (fig. 2.13a) is a 14 GHz ECR ion source with both axial and radial
magnetic fields generated by permanent magnets to create the magnetic trap for the
plasma for the production of multiply charged ions [40,41]. In fact, the mechanism of
Supernanogan is the same as an Electron Cyclotron Resonance Ion Source (ECRIS)
[42]. After extraction, the ions are charge-over-mass selected by an 98∘ bending
magnet. Einzellens can be used to adjust the focusing. The highest charge which
can be obtained is limited by a number of factors, like recapture of electrons, the
increasing amount of impact energy needed and the confinement time in the magnetic
trap. It offers three advantages:
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Figure 2.13: Side-view of the Supernanogan set up. a: The permanent magnet (1), the beam
line connecting the chamber to the 98.61o magnet (2) can be recognised, b: The chamber for
the sample holder (3), including the Faraday cup, splitting valve.

i) it does not require any electrical power for the magnetic field.
ii) it is quite compact.

iii) the absence of electronics at high voltage (power supplies, controls, etc..) im-
proves the reliability and long term stability.

The permanent magnet system that provides axial and radial confinement has
maximum axial field of 1.2 T, minimum axial field of 0.37 T, and maximum radial
field of 1.1 T, which is ideal for 14 GHz operation [43]. Furthermore, there is a gas
in led system. An RF generator of about 400 Watts at 14 GHz is required to run the
Supernanogan ECR ion source (the effective power used in operation is below 300
W).

In this part of the thesis work we deal with low energy ions irradiating dried
DNA samples in high vacuum (10−7 mbar). The experiments were performed on an
experimental setup designed for ion beam scattering on surfaces described in detail
below, to which we added a small secondary chamber isolated from the ion beam line
by a gate valve. This chamber is pumped by a turbo pump and can be rapidly vented
to introduce the DNA samples (fig. 2.13b).

DNA is deposited onto aluminum oxide tapes which are placed above the sample
holder disk. The disk is fixed on a rotatable ultra high vacuum feedthrough which
is mounted on a flange of the loading chamber. The individual samples are exposed
to the ion beam by rotation of the disk. Several collimators, which have different
diameter from 6 mm down to 4 mm, are put in front of the sample disk to control
the size of the beam spot. The guard plate, which is just in front of the sample disk
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can be put on potential. All apertures are cone shaped (the larger diameter toward to
the samples) to avoid secondary electrons created by the ions impacting on the edges
of the collimators. In the experiments, the incident ion current has been measured
by connecting a Keithley 485 pico-ammeter to the sample holder. A simple way of
visually controlling the beam spot on the samples is observation of the change in
color on the disk where the beam impinges. The nonirradiated samples are hidden
from the beam by a cache that is described in more detail in the next section and
particular care is taken to shield the irradiated plate from stray low energy electrons
that can be produced along the beam line and can induce DNA lesions [44, 45]. To
eliminate secondary electron emission, the samples are appropriately shielded by the
two cylinders.

During experiments, it has been determined that the measured current depends
on the potential applied to the guard plate. This is the result of secondary electrons
which are released from the sample holder as a result of the irradiation. Since the
collimator opening is somewhat larger than the sample size, they are 4 mm and 3
mm in diameter respectively, some parts of the sample holder itself are subject to
irradiation as well. When nothing is done to prevent these secondary electrons from
being released from the sample holder, the measured current will be too high which in
turn will lead to an error in the calculation of the ion fluence and affect the results of
damaging plasmid DNA. In order to prevent the emission of the secondary electrons,
a negative potential has to be applied to the guard plate which will pull the secondary
electrons back towards the sample holder. This is illustrated in figures 2.14a and b
which show the results with and without the presence of the negative potential.

In order to find out the appropriate potential, an experiment has been carried
out in which the potential was varied and the current was measured simultaneously.
A plot showing the measured current as a function of the potential is depicted in
figure 2.15. This curve has been determined for the copper sample holder.

A far too high current is measured for both sample holders when no negative po-
tential is applied to the guard collimator. This indicates that applying the potential
can greatly reduce the error in the current measurements. The current drops quickly
when the potential is increased. At around –20 V the current reaches an asymptotic
level (i.e. the current does not decrease further when the potential is increased). This
means that a potential of –20 V is the minimum to ensure that all secondary electrons
remain trapped on the sample holder. This is in agreement with the experimental
results of Niehaus et al. [46] who found that for keV H+ impact on Cu and Al sur-
faces, the secondary electron spectrum peaks at around 5 eV. Only a few percent of
the electrons have energy exceeding 20 eV. In the DNA irradiation experiments, a
potential of -70 V has been utilized which will be sufficient to inhibit the emission of
the secondary electrons assuring an accurate determination of the ion fluence on the



2.2 Irradiation of freeze dried DNA on surfaces with keV ions 21

sample.

Figure 2.14: a: Secondary electrons are released from the sample holder, b: The secondary
electrons are repelled back towards the sample holder

Figure 2.15: Measured ion beam current for potentials on the guard disk. The experiment is
performed on the Cu sample holder.

The ion fluence on the irradiated samples can be determined by measuring the
current on the sample holder. Most of the experiments discussed within this report
have all been carried out using a beam of singly charged ions. This means that per
particle, the charge is equal to 1.602×10−19 C. The flux of ions that impact on the
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sample holder is equal to:

I =
it

1.602×10−19s
(2.3)

where I is in the unit of ions cm−2s−1, i = ampere, t = second, and s is the cross
section of the ion beam.

Note that the size of the sample is not the same as that of the collimator aperture.
As mentioned earlier, the collimator opening is 4 mm in diameter whereas the sample
size is a mere 2 mm. Therefore, the amount of ions on the sample is equal to Is =
(2/4)2I (ions cm−2s−1).

2.2.3 The sample holder

pBR322 plasmid DNA was diluted in ultra pure water to 125 ng/µl concentration
and used to every preparation with the sufficient quantities. To figure out the best
way to prepare thin layers of plasmid DNA, we did deposit plasmid DNA solution
on different surfaces. First of all, 4 µl of the plasmid DNA solution was deposited
onto a copper disk. However, the problem with the Cu plate was that it was not flat
enough on a microscopic scale. It was not possible to recover intact dry DNA because
it sticked too strongly to the metal surface. The second material that was used was
a gold layer on a Cu disk. After polishing the Cu surface by 0.5 µm alumina, a thin
layer of Au is deposited on the Cu substrate. Deposition of plasmid DNA on the Au
layer gave better results than on the Cu surface. But, recovering DNA from the Au
surface was not always successful because sometimes the dry DNA still sticked on
the surface and the tip of the pipette used for recovery scratched the smooth surface of
the Au layer. Cleaning the Au surface after each experiment is also too complicated
because there are many steps of cleaning and chemical solution involved and one can
not be fully sure of the cleanness of the surface. Thus, finally, we chose aluminum
tape.

There are in total 15 spots on the Aluminum disk (bottom plate) with a diameter
of 4 mm for plasmid DNA deposition. The distance between the guard plate and the
bottom plate is 6.5 mm and from the guard plate to the collimator just above is 18
mm. These spaces between the plates are set to be sure that the ion beam traverses
in a straight line. The sketch of the sample holder plates is depicted in fig. 2.16. As
seen in fig. 2.16a, the guard plate and the bottom plate are connected together and can
be rotated during the time of the experiments. In the mean time, all the collimators
above these two plates are stationary (fig. 2.17). Thus, only the hole with the plasmid
DNA which is aligned to the collimator can be irradiated. When the wheel rotates
the sample holder plates to a position where the hole in the collimator is in between
two spots with deposited plasmid DNA, the ion beam does not irradiate the plasmid
DNA samples.
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Figure 2.16: Sketch of the sample holder plates.

The drawing of the sample holder design is shown in figure 2.17.

Figure 2.17: Sketch of the sample holder for low energy irradiation.
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2.3 Analysis of DNA damage by means of agarose gel elec-
trophoresis

2.3.1 Principles of gel electrophorisis process

Figure 2.18: Sketch of the agarose gel electrophoresis equipment [47].

Gel electrophoresis [48, 49] is a procedure for separating a mixture of molecules
in a stationary material (gel) by applying an static electric field (fig. 2.18). Organic
molecules such as DNA are charged. DNA is negatively charged because the phos-
phates (circles) of the sugar-phosphate backbone of a DNA molecule in solution have
a negative charge (fig. 2.19).

A gel acts as a support for separation of the fragments of DNA. The gel is a
polymer-network, usually polysaccharide agarose, a substance derived from seaweed.
Wells are created in the gel. They serve as a reservoir to hold the DNA solution. DNA
solutions (mixtures of different sizes of DNA fragments) are loaded into the wells.
The gel matrix acts as a sieve for DNA molecules. Geometrically larger molecules
need more time to travel through the polymer network. Because of this, large frag-
ments will lag behind small fragments as DNAs migrate through the gel. As the sepa-
ration process continues, the separation between the larger and smaller fragments in-
creases. In addition, an internal control sample is analyzed which was subject to the
same preparation and collection procedures as the irradiated samples but remained
un-irradiated as a 0 Gy reference. An additional solution control sample is analyzed
which consists of an identical quantity of plasmid solution which did not go through
the preparation, deposition and collection process. A control plasmid DNA sample
is mixed with the restriction enzyme BamH I (Sigma-Aldrich) to give a reference for
the full length linear plasmid (D) (see fig. 5.1 in chapter 5).
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Figure 2.19: The phosphates (circles) from the sugar-phosphate backbone of DNA carry
negative charge.

Figure 2.20: Schematic of agarose gel electrophoresis process [50].
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The gel tray is placed in an electrophoresis chamber. The electrophoresis chamber
is filled with buffer, covering the gel. This buffer solution allows electrical current
from poles at either end of the gel to flow through the gel. Finally, DNA samples
are mixed with a "loading dye". The loading dye allows you to see the DNA as you
load it. The dye contains glycerol or sucrose to make the DNA sample heavy so
that it will sink to the bottom of the well. A safety cover is placed over the gel and
electrodes are attached to a power supply. A certain voltage is applied to the poles.
DNA fragments will migrate through the gel at various rates, depending on their size.
When the dye marker indicates that DNA fragments have moved through the gel, the
current is turned off and the gel is removed from the tray. The whole process is shown
in figure 2.20

DNA is visualized by staining the gel with ethidium bromide which binds to
DNA and will fluoresce in UV light. The photograph is of series of irradiated DNA
samples that have been electrophoresed on the same gel.

2.3.2 Practical gel electrophoresis

Figure 2.21: a) Fluoresence image of the gel after exposure to UV light. b) Intensity scans
for 5 Gy, 20 Gy, and 30 Gy.

After irradiation, the plasmids were individually recovered from the holders using
a mixture of 6 µl of demineralized H2O and 2 µl of loading DNA buffer and trans-
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ferred into Eppendorf tubes. The tubes were put into micro tubes (BioRad) at 4 ∘C
prior to agarose gel electrophoresis. For each analysis, the samples were then loaded
into the wells of 1% (w/v) agarose gel which is common for many applications (reso-
lution range 200 bp-10 kb). Higher percentage gels (such as 3%–4%) can be used for
seperating very tiny fragments and lower percentage gel (0.7%) are suitble for sep-
aration or resolution of large 5-10 kb DNA. The gel pre-stained with 0.002% (w/v)
ethidium bromide (EthBr) was then put into TAE buffer (40mM Tris-acetate, 1mM
EDTA, pH 8.3). TAE was chosen because it has the lowest buffering capacity but
provides the best resolution for larger DNA. This implies lower voltages and longer
electrophoresis time, but better results. Then the gel was run at a certain voltage.
The higher the voltage, the faster the DNA moves. But the voltage is limited by the
fact that it heats and ultimately causes the gel to melt. High voltages also decrease
the resolution (above about 5 to 8 V/cm). The voltage we chose for good resolution
was 4 V/cm for approximately 1h30. After this time, the gel was visualized at room
temperature under UV light (302 nm). The gel was then imaged using a Gel DocTM
XR (BioRad) gel imager (fig. 2.21a) and fluorescence intensity plots were obtained
using the Quantity One (BioRad) software (fig. 2.21b). The amount of supercoiled
DNA was corrected by a factor of 1.4 for the less-efficient incorporation of ethidium
bromide into this plasmid form [30]. The whole equipment for gel electrophoresis is
shown in figure 2.22.

Figure 2.22: Equipments for gel electrophoresis running, visualizing, and analyzing the frac-
tions of plasmids DNA after irradiation.



28 Experiment

2.3.3 Analysis

Relative amounts of the three DNA forms (SC, OC, and L) were calculated for each
dose by:

PS
i =

[
IS
i

IT
i

]
(2.4)

POC
i =

[
IOC
i

IT
i

]
(2.5)

PL
i =

[
IL
i

IT
i

]
(2.6)

where PS
i , POC

i and PL
i are relative amounts of each plasmid conformation after ir-

radiation. The three peaks due to each type of fragment are shown in figure 2.21b.
IS
i , IOC

i and IL
i are the integrated intensities of supercoiled, open circular, and linear

bands respectively. IT
i is the total integrated intensity of supercoiled, open circular,

and linear bands after irradiation:

IT
i = IS

i + IOC
i + IL

i (2.7)

During each electrophoresis run, 17 irradiated samples (for gamma-ray irradia-
tion) and 14 irradiated samples (for 12C irradiation) were analyzed. In addition, an
internal control sample was analyzed which was subject to the same preparation and
collection procedures as the irradiated samples but remained un-irradiated as a 0 Gy
reference. An additional solution control sample was analyzed which consisted of
an identical quantity of plasmid solution which did not go through the preparation,
deposition and collection process. A control plasmid DNA sample was mixed with
the restriction enzyme BamH I (Sigma-Aldrich) to give a reference for the full length
linear plasmid that is called digestion. The protocol to making this digestion is to
combine 1 µl of 10x Restriction Endonuclease Buffer SB (a "unique buffer" for a
BamH I enzyme) with 6.5 µl distilled water, 2 µl plasmid DNA pBR322 (concentra-
tion of 500 ng/µl), and 0.5 µl BamHI enzyme. This is because the enzyme storage
buffer contains antifreeze (glycerol) to allow it to survive at −20 ∘C. The glycerol
will inhibit the digestion if present in sufficient quantities. It is always good to add
the buffer and water into the tube first. Putting the enzyme in straight on top of the
buffer, it may become irreversibly denatured. After mixing all these ingredients by
sucking up and down with the pipette, the solution is incubated for 1 hour at 37 ∘C in
a temperature controlled oven. Air-bubbles should be avoided when mixing because
the enzyme will get trapped at the air or liquid interface and become denatured. The
amount of loading plasmid DNA after irradiation is checked for every experiment
(fig. 2.23), because it is important to assure that the amounts of plasmid DNA are the
same.
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Figure 2.23: Comparison of 4 spectra taken with the same amount of loading plasmid DNA
on the agarose gel.






