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Résumeé

Dans les premieres années de la radiothérapie, les mécanismes d’action et les effets secondaires
des radiations ionisantes n’étaient que faiblement compris. La génétique moléculaire a
clairement montré les dommages causés par ses radiations sur I’ADN des cellules. Cependant,
le rayonnement ne distinguant pas les cellules saines des cellules tumorales, les plus grandes
avancées modernes en radiothérapie sont concentrées sur I'amélioration de la précision de la
dose délivrée. Avec un intérét relativement bas pour la compréhension fondamentale des

mécanismes de base des dégats biologiques induits par irradiation.

Dans le 1er chapitre de cette these, 1’état de I’art conduit a considérer le Silicon Nano Tweezers
(SNT) comme un excellent candidat pour I’exploration des champs méconnus de la
radiothérapie. Le 2nd chapitre présente le SNT et sa capacité a caractériser en temps réel les
propriétés biomécaniques de I’ADN. Le 3éme chapitre montre le dispositif entourant le SNT et
évalue sa capacité a mesurer les caractéristiques d’un faisceau d’ADN en milieu liquide
subissant le rude champ électromagnétique généré par la machine de radiothérapie : le
Cyberknife. Le 4éme chapitre explique le protocole spécialement développé pour la
caractérisation par le SNT de ’ADN en milieu liquide. Le 5¢me chapitre présente les résultats
clés, obtenus dans diverses conditions, de caractérisations mécaniques en temps réel de faisceau
d’ADN irradiés par le Cyberknife. La derniére partie conclue finalement sur les possibilités et
les perspectives offertes par la technologie des Microsystéemes électromécaniques dans

I’avancée de la recherche en radiothérapie et en plus largement en médecine.




Abstract

In the early days of radiotherapy, very little was known about the mechanism of action of
ionizing radiation and its side effects. The understanding of molecular genetics has made it
clear that radiation damages mainly the DNA of cells. However, since radiation does not
distinguish between healthy and tumor cells, the largest improvement of the radiotherapy
technology in modern days has concentrated on improving the precision of dose-deliver, with
a comparatively lower interest in the fundamental understanding of the basic mechanisms of

biological radiation damage.

In the first chapter of this thesis, the state of the art conducts to consider the Silicon Nano
Tweezers (SNT) as an excellent candidate to explore unknown field of the radiotherapy
treatment. The second chapter introduces the SNT and explains its ability to conduct real-time
biomechanical characterization of a DNA bundle. The third chapter shows the surrounding SNT
setup, and evaluates its capability to measure the biomechanical characteristic of a DNA bundle
in liquid under the harsh electromagnetic environment generated by a radiotherapy machine:
the Cyberknife. The fourth chapter explains the protocol developed for the DNA
characterization in liquid by the SNT. The fifth chapter presents some key results of real-time
mechanical characterization of DNA bundles under the Cyberknife irradiation in several
conditions, followed by a discussion based on the theoretical model of a randomly damaged
DNA bundle. The last part finally concludes on the capability and perspective offered by Micro-

electromechanical technologies to push the research in radiotherapy and in medicine.
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General introduction and motivation




In the early days of radiotherapy, very little was known about the mechanism of action of
ionizing radiation and its side effects, leading to sometimes disastrous effects. The
understanding of molecular genetics has made it clear that radiation damages mainly the DNA
of cells, mostly causing oxidative damage [1]. However, since nuclear radiations do not
distinguish between healthy and tumor cells, the largest improvement of the radiotherapy
technology in modern days has concentrated on improving the precision of dose-delivery in
space and time, with a comparatively reduced interest in the fundamental understanding of the

basic mechanisms of biological radiation damage.

Since the refinement of space-time protocols is reaching, or will soon reach, its practical limits,
even including sophisticated features such as the real-time following of patient respiration and
involuntary movements, the need for a deeper understanding of the direct, molecular-scale
correlations between radiation dose and biological damage, becomes urgent. Such an endeavor
will open the way to a better efficiency of treatment and a customized, patient-specific radiation

treatment.

Gas chromatography with ion-selective mass spectrometry [2], high-performance liquid
chromatography (HPLC) [3], as well as gel micro electrophoresis (‘Comet’) [4], are among the
main experimental tools adopted up to now to study RDD of irradiated DNA at the molecular
level. All such methods, however, are based on chemical treatments carried out on DNA after
irradiation. Typically, DNA samples are irradiated by a known dose, stored for some time, and
subsequently hydrolyzed and derivatized. The resulting solution contains the individual DNA
bases, both damaged and undamaged, to be analyzed by one of the above methods. The link
between radiation damage and DNA molecular structure, in this case, is very indirect (chemical
signatures correlated to the damage are observed) and subject to the variable conditions of

subtle shifts in the oxidation paths (differential recombination [5]).

Alternative strategies can be found, for example by looking at electrical or mechanical
properties of the DNA. Notably, the direct mechanical characterization of DNA is possible.
This is traditionally performed by expensive biophysical instruments such as the Atomic Force
Microscope [6], Optical Tweezers [7] or Magnetic Tweezers [8]. These instruments are
extremely accurate and can achieve single-molecule level detection; nevertheless, they are
expensive, bulky and cannot operate in confined areas and harsh environment. Moreover, the
radiation damage is a statistical process; therefore the measurement must involve a
meaningfully large sample, instead of just one molecule at the time. It is our central hypothesis

that to fulfill the needs of mass screening with molecular resolution, DNA manipulation by
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means of a tiny, stable, low-cost, easily fabricated device, the technology of Micro Electro

Mechanical Systems (MEMS) is an appropriate approach.

The aim of this thesis is to evaluate the capability of MEMS-based Silicon Nano tweezers

to perform a real-time characterization of DNA damage under a radiotherapy treatment.

In short, we will employ a sophisticated nanoscale electromechanical device, the Electro-
Mechanical Silicon Nanotweezer (SNT) [9], to directly measure the rate of breaking of DNA
molecules, placed under a controlled radiation beam. DNA bundles of known sequence, with
length in the um range, will be trapped and held straight in parallel strands between the tips of
the SNT device. Such nanoscale vibrating tips can measure with extreme accuracy the elastic
modulus and viscosity of the DNA bundle, [10] immersed in physiological water in a sealed
microfluidic chamber. During the irradiation, under well-known and fully characterized
conditions by means of different machines typical of clinical radiotherapy, the individual DNA
strands will break, thus progressively reducing the bundle. Correspondingly, the SNT device
will measure the dynamical variation of the mechanical response of the bundle, with a time-
constant characteristic of the type of damage. Experimental results will be eventually compared

with a theoretical model of a randomly damaged DNA bundle [11].

[ Radiotherapy machine ] [Silicon Nanotweezers (SNT)}

Actuator
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Figure 0.1: Real-time mechanical characterization of a DNA bundle under radiotherapy
treatment.




This thesis is divided in five chapters. The first chapter synthetically presents the state of the
art in radiation damage of DNA, which conducted to consider the Silicon Nano Tweezers as
the best candidate to explore the unknown field of the radiotherapy treatment. The second
chapter introduces the Silicon Nano Tweezers, and explains its ability to conduct real-time
biomechanical characterization of a DNA bundle. The third chapter details the key devices of
the surrounding SNT setup, and evaluates its capability to measure the biomechanical
characteristic of a DNA bundle in liquid under the harsh electromagnetic environment
generated by one of the most advanced radiotherapy machines: the Cyberknife. The fourth
chapter explains the original protocol developed for the DNA characterization in liquid by the
SNT. Finally, the fifth chapter presents some key results of real-time mechanical
characterization of DNA bundles under the ionizing y-ray beam of the Cyberknife in several
conditions, followed by a discussion based on the theoretical model of a randomly damaged
DNA bundle. The last part finally concludes on the capabilities and perspectives offered by
Micro-electromechanical technologies, to push the research in radiotherapy and in medicine.

The work described in the following pages was carried out jointly in the laboratories of
Laboratory for Integrated Micro-Mechatronics (LIMMS, CNRS UMI 2520), based at the
Institute for Industrial Sciences of the University of Tokyo (Komaba), where the candidate
spent about 1 full year, to develop the basic technology of the SNT; in the Centre de Lutte
Contre le Cancer “Oscar Lambret” of Lille, where all the irradiation sessions took place; and
in the Institut d’Electronique, Microelectronique and Nanotechnologie of Lille (IEMN, CNRS
UMR 8520), where data analysis and theoretical developments were mostly performed.




Chapter 1: State of the Art in Radiotherapy and

DNA damage analysis




1.1 Radiotherapy treatments

1.1.1 Introduction

Every source used in radiotherapy emits a radiation of particles (electrons, protons, ...) or
electromagnetic waves (photons). While propagating in matter, the radiation deposits energy
along its path. This deposit is not homogeneous but may show peaks at more or less deep sites
in the irradiated volume. When radiation passes through a healthy or tumor tissue, this energy
chiefly damages the genetic material (DNA) of the cells, as well as other cell structures
(membranes, organelles). Several types of DNA lesions may occur, the worst ones being the
so-called double-strand break (DSB) of the DNA double helix. Since the cell repair
mechanisms for this defect are much slower and faulty than for any other type of defect, this
type of injury leads to errors in the copying of chromosomes, eventually prevents cells from
dividing, and leads to cell death. The study of radiation effects at the cellular level is the field

of radiobiology.

Radiotherapy remains one of the most effective elements in the fight against cancer and is
perfectly integrated in existing multidisciplinary therapeutic strategies. For 70% of patients
with cancer, radiation therapy is one of the treatments used. Although a local-only treatment
can sometimes be sufficient, the radiotherapy treatment is most often associated with surgery

and/or chemotherapy.
So, as of today radiotherapy is usually required for one or more of the following reasons:

e As astand-alone treatment to cure cancer.

e To shrink a cancer before surgery.

e To reduce the risk of a cancer coming back after surgery.
e To complement chemotherapy.

e To control symptoms and improve quality of life if a cancer is too advanced to cure.




1.1.2 History
1.1.2.1 Birth of radiotherapy

The end of 19th century was marked by the discovery of new physical phenomena that would
have revolutionized the medicine in the next century. In 1895, Wilhelm Conrad Roentgen
projected the electrons accelerated by an electric field on a tungsten target in a vacuum tube. A
radiation was emitted. Roentgen gave it the name of ‘X-ray’ because of its unknown nature.
Radiology was born and radiology services were to be installed in hospitals already in 1897. In
1896, Henri Becquerel reported for the first time a phenomenon later called ‘natural
radioactivity’ by Marie Curie and Pierre Curie, who discovered in 1898 the properties of

Radium and Polonium. In 1903, they shared the Nobel Prize for this major discovery.

Quickly, the medical treatments by X-ray and Radium-radiotherapy knew their early
developments. Already by 1900, the Radium radiations were tested to treat many diseases
resistant to known therapies. (Not too surprisingly, by about 1910 radioactivity was also
considered as a kind of panacea for any medical disease, by many charlatans and quack
doctors.) Early in the 20th century, Marie Curie was convinced that X-rays and radiation of
radioactive substances could cure cancer. But to prove it, there was need for researchers,
hospitals and money. With Dr. Claudius Regaud, they managed to gain the support of the
University of Paris, the Institut Pasteur and many donators, to create a foundation for this
purpose. This initiative originated the Institut Curie, which can be considered the birthplace of
radiotherapy in the world. Since then, much progress has been made to optimize the

effectiveness of radiation therapy while minimizing its side effects.

1.1.2.2 From Cobalt to particle accelerator

Very powerful sources of Cobalt-60 could be manufactured by the end of WWII. The “Cobalt
revolution” started in 1955, when commercial Cobalt-therapy machines were developed. The
sources of Cobalt-60 produce more effective and more penetrating high-energy radiation than
radium or X-rays. The spatial definition of the emerging beam is more accurate. With "Cobalt
bombs", the maximum dose is not delivered to the surface but some 5 mm below: penetration
is much better and the field margins are better defined. Irradiation to the normal tissue is limited.
However, Cobalt-therapy machines had the disadvantage that the beam energy is fixed to
relatively low values of 1.17-1.33 MeV; moreover, the natural radioactive decay of the isotope
%0Co makes it necessary to replace the source, about every four years, with attending problems

of nuclear waste disposal.

In the late 60s, a new step was reached with the introduction of linear particle accelerators

(electrons, protons, etc.). These high-energy radiation generators are more efficient and flexible
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than radioisotopes. The radiation beams obtained are extremely fine, which makes it possible
to orient and focus them with great accuracy. The risk of material activation and radioactive

waste disposal is much reduced.

The most common such machines are electron accelerators. When used directly in external
irradiation, the electron beam is absorbed in the first centimeters of tissue, before being
completely stopped, depending on its energy. These limits can be precisely chosen by the user.
However, electron accelerators allow also generating further irradiation by passing first
thorough a heavy target (Tungsten, Copper, Gold...), which in turn emits X or y rays, whose
energy is deposited more deeply in the tissues. By combining photon beams from different
directions, the dose can be maximized at any desired depth down to about 15cm, while sparing
most superficial tissues. The contours of these beams can be defined with greater precision, and

enable compliance with healthy organs surrounding the tumor.

1.1.3 State of art in radiotherapy

Today, radiation therapy is often associated with surgery or chemotherapy so as to obtain
optimum results. It can be performed prior to surgery, to reduce tumor size, or after, to remove
residual tumor cells, thus reducing the risks of recurrence. It can be administered externally or
internally. Radiation therapists have many techniques from which they may select the best for
each tumor. The linear accelerator is generally preferred to all other in case of deep cancer;
Cobalt-therapy machines (Gamma-knife) are still used in some cases, for the treatment of breast
cancer and for specific locations in ear-nose-throat (ENT) cancers, but they are increasingly

being replaced by small accelerators, more adaptable and efficient.

1.1.3.1 Medical imaging

Imaging by such tools as the X-ray tomographic scanner (CT Scan), and magnetic resonance
(MRI), have greatly improved the treatment of tumors. The CTScan, in particular, plays a key
role in tumor diagnosis. It has become an indispensable examination tool of the pre-therapeutic
assessment, since it allows to accurately determining the volume, expansion and relations of

the tumor with the surrounding healthy tissue.

On each of the graphical sections obtained from the scanner, the radiation oncologist delineates
tumor and healthy organs. Nowadays, this crucial step remains largely manual because of the
limitations of automatic recognition programs. Radiotherapists establish the 3-dimensional
volume of the tumor and surrounding organs. From this reconstruction, a "virtual patient”, they
determine for each case the irradiation volume at the millimeter scale, seeking the best

compromise between efficiency and potential toxicity. Margins are then added to this volume




to take into account cancer cells that are not visible on the image, and the movements of the
tumor volume due to breathing and a potential different positioning of the patient during
successive sessions. Radiation therapists are thus forced to increase the volume of irradiation,

thereby exposing a higher proportion of healthy tissue to irradiation.

1.1.3.2 Sophisticated particles accelerators

Radiotherapy machines have undergone many changes over the years. Today multiple separate
radiation beams produced by the same machine are commonly used. The head of the particle
accelerator rotates around the patient, stopping in the position pre-established for delivering in
each case a part of the irradiation (see the Cyberknife). The cumulative action of these beams
produces a homogeneous dose even in a volume with a complex shape. The concurrent use of
a plurality of beams can increase the effectiveness of radiation therapy to the tumor, while
limiting the effects in healthy tissues. Taken separately, the micro-beams do not have sufficient
energy to cause tissue damage but their combined action allows the maximum damage to the
cells. Therefore, the energy and direction of the beams are determined to localize their
concurrent action on the tumor. At this stage, computer simulation is essential to allow the

physician to quickly specify certain parameters.

On modern linear accelerators a collimator, a variable aperture that can deliver radiation for a
variable time, delimits each beam. Modern “multi-leaf” collimators can be composed of 80 to
120 metal leaves, each independently set in motion by a micro-motor, itself controlled by a
computer. The quality of the positioning is checked with X-ray films of high sensitivity, as well
as by "imaging beam" systems. By releasing the radiotherapist from the constraints of building
heavy lead masks for each different treatment, these collimators enabled the development of

the “conformal” irradiation.

Conformal radiotherapy in 3D is an important step in the evolution of radiotherapy since it
allows a better adaptation of the beam to the tumor volume and limiting the exposure of healthy
organs. The irradiation volume being better defined, the dose can be increase, and thereby

increasing the efficacy of radiotherapy.

1.1.3.3 Enhanced dosimetry
The dose is the amount of energy deposited by the radiation in a given volume of tissue. It is

expressed in Gray (1 Gy=1 J/kg), and its accurate measurement is the field of the dosimetry.

The success of a radiation therapy depends on the accuracy with which the radiation dose is
delivered to the tumor: a dose 5-10% lower than the optimum dosage may produce an

incomplete removal of the tumor cells, and possibly a recurrence. By contrast, a too large dose,

10



only 5-10% above prescribed, can lead to severe complications. The dose must also be perfectly
homogeneous within each single beam: variations should not exceed +3%. The radiotherapist
plans the total dose, fractionation (number of sessions) and spreading (total treatment time),
whose delivery to the patient is then assured by a medical physicist. Several factors are involved
in dose planning. The dose depends on the age of the patient, his health status, the location and
nature of the tumor. Not all tumors respond to radiations in the same way; they may be more or
less radiosensitive. The average dose per session is generally between 1.8 Gy and 2.5 Gy. The
technique of splitting the radiation dose over several weekly sessions and spread them over
several weeks (generally 6 to 8 weeks) allows healthy tissue to restore. The calculation of the
dose distribution in 3D in the tumor and the body requires sophisticated computer programs, a

long and demanding process.

1.1.4 Side effects

Side effects occurring during treatment are mainly due to the irradiation of healthy tissue. They
depend on individual sensitivity of patients and the irradiated area. They appear in a delayed
manner, usually from the 3rd or 4th week treatment, and can persist up to a month after the last

one.

The most common are skin reactions similar to sunburn, fatigue, nausea. Other specific effects
of the irradiated part of the body may occur: vomiting and lack of appetite in case of abdominal
radiation, hair loss in case of irradiation in the brain, for dry mouth and throat cancers language.

All of these effects are transient and disappear gradually.

But, in the longer term (several years), other effects such as tissue fibrosis, telangiectasia
(purple spots) may appear, and in some cases, a secondary cancer may develop. One of the
major challenges is to limit these phenomena. The main strategy up to now is to better define
the tumor area, to better target the radiation level in the region, and to choose the most

appropriate dose.

1.1.5 Conclusion

Radiotherapy has experienced in recent years much progress: The advent of 3D conformal
radiotherapy, targeted, preserving at maximum the body and with fewer side effects. The
modulated intensity is now possible to propose a treatment truly "sculpted” to the shape of the
tumor and also the respiratory-gated radiotherapy developed recently. The irradiation volume

is better defined and surrounding healthy tissue is better preserved.
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With further research in physics, radiobiology and imaging, radiation therapy may in the future
be optimized and personalized for each patient. Genomics is widely expected to participate in
the growth of this radiation "custom™ adapted to the tumor, but also to the radiation sensitivity
of patients. This step is also closely associated with the parallel development of DNA chips,
which will allow establishing the genetic profile of tumors. However, a necessary preliminary
step should include a test assessing the individual response to radiation. Only then it will be

possible to speak of "customized treatment".

In this thesis, the Silicon Nano Tweezers is introduced as a new method for the direct
characterization of the DNA response to radiation. Coupled with a microfluidic system, the
DNA may be immerged in any kind of medium, to mimic the patient cell, or to test the role of

drugs such as radiosensitizers.

1.2 lonizing radiation interactions with DNA

1.2.1 Introduction
As described in the previous Section 1.1, a radiotherapy treatment is based on the irradiation of
a tumor with ionizing radiations. This section gives a synthetic summary of the radiation

interactions with matter, and more specifically with DNA.

1.2.2 Sources of ionizing radiation

The radioactive decay of an unstable nuclide, either natural or artificially produced, is a process
that is initiated by the emission of an a or a B particle, and produces a variety of secondary
consequences, specifically the emission of y-rays, as well as that of further a and . This chain
of subsequent emission of secondary radiations occurs because the unstable nuclide turns into
a daughter nucleus that that may be in an excited state; de-excitation takes the daughter nucleus
to lower energy states, down to its ground state, and the corresponding energy is emitted in
form of yrays, as well as further radioactive (o and ) decays, which in turn give origin to
another daughter nucleus and so on, until a stable ground state is reached (see example in Figure
1.1). The de-excitation of excited nuclear levels by emission of electromagnetic energy in the
form of y-rays parallels that observed in atomic electrons, whereby the shift to lower atomic

levels produces instead visible light quanta.
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Figure 1.1: Example of a radioactive decay sequence. The principal decay modes are indicated
by thick lines; minority modes by dashed lines. Gamma and internal conversion electrons in
black, B~ decay in blue. Right branch: the metastable nuclide ™ Tc decays with high efficiency
from its level at 143 keV to 141 keV by internal conversion, then a principal gamma ray of 141
keV is emitted, going to the **Tc ground state. From here, radioactive B~ decay of 294 keV gives
the ®Ru stable nuclide. A minor path includes emission of 143 keV vy, and B~ decay to the 90
keV excited state of “°Ru._Left branch: with small probability, Tc®®™ can undergo B~ decay to
an excited state at +322 keV of ®Ru; hence, a 322 keV y-ray can take to ground state, or an
intermediate 294 keV v to a lower excited state; from here, a 90 keV v or internal conversion
electron takes **Ru to the ground state.

Natural radiation from radioactive nuclides, cosmic rays and solar radiation, is a permanent
feature of the natural environment. Therefore living organisms are constantly being exposed to
such radiation. Human activity, such as medical practices, radioisotopes in health care, as well
as commercial and industrial practices, such as the production of electricity in nuclear reactors
and other nuclear techniques, as well as military applications as exemplified by weapons
testing, represent important secondary sources of exposure to radiation. Despite the human
activity, natural sources are the prevalent cause of irradiation; including cosmic rays and
radionuclides present in the Earth’s crust, in the food, water and air we ingest, as well as in the
human body itself, accounts for 90% of human exposure to radiation. This separation of
radiation into human and man-made sources (Table 1.1) highlights the constant exposure faced
by man to radiation. This may be compared to the dose delivered in a medical framework and

specifically during radiotherapy treatment.
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Table 1.1 Average annual affective dose of ionizing radiation to individuals (in 2000)

Source Dose (MmSv) Range (mSv)

Natural background

External exposure

Cosmic 0.4 0.3-1.0
Terrestrial 0.5 0.3-0.6
Internal Exposure

Inhalation (mainly radon) 1.2 0.2-10
Ingestion 0.3 0.2-0.8
Total 2.4 1-10

Man-made (artificial)

Medical 0.4 0.04-1.0
Nuclear power production 0.0002 Decreasing trend
Total 2.8 1-10

1.2.3 Radiation beams from particle accelerators

Since the early days of radiotherapy, the technology of artificial sources was aimed towards
ever-higher photon and electron beam energies and intensities. During the first 50 years of
radiotherapy the technological progress was relatively slow and mainly based on X-ray tubes,
(electrostatic) van de Graaf generators, and magnetic-field betatrons. The development in the
‘50s of linear electron accelerators (medical LINACs), already introduced in the 1930s’ aside
of the first circular accelerators, moved to increasingly sophisticated machines and became the
most widely used radiation source in modern radiotherapy. With its compact and efficient
design, the LINAC offers excellent versatility for use in radiotherapy and provides either
electrons, or megavoltage X-ray therapy, with a wide range of energies. In addition to LINACS,
electron and X ray radiotherapy is also carried out with other types of accelerator, such as
betatrons and microtrons. More exotic particle beams, such as protons, neutrons, heavy ions,
and negative © mesons, all produced by special accelerators, are also sometimes used for

radiotherapy.

Clinical X-ray beams typically range in energy between 10 kV and 50 MV, and are produced
when electrons with kinetic energies between 10 keV and 50 MeV are suddenly decelerated by
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hitting special metallic targets. Most of the electron kinetic energy is transformed in the target
into heat, but a small fraction of the energy is emitted in the form of X-ray photons,
characteristic X-rays from the target metal, and bremsstrahlung X-rays (from the German word
meaning ‘radiation from deceleration’). These latter are the most important component, and
result from Coulomb interactions between the incident electron and the nuclei of the target
material: the incident electron is suddenly decelerated, and loses part of its kinetic energy by
irradiating an amount P of electromagnetic power, a situation well approximated by the physics

of relativistic dipole emission:

Equation 1.1

62a2]/6

61€C?

with e=1.6x10"%° C the electron charge, a the deceleration equal to v/t for a typical collision
time t ~10* s, and y=(1-v?/c?)™? the relativistic mass factor (the particle mass according to

the theory of relativity increases as ym for a velocity v).

This basic principle is applied both in the older X-ray tubes, in which the fast electron beam
was produced by a hot filament and a series of accelerating grids (pretty much like in a
thermionic valve or a cathode ray tube of old TVs), as well as in modern linear electron
accelerators, in which the electron beam is created by injecting an electron current in a complex
combination of alternating electric fields and electromagnetic resonant cavities. No matter how
the primary electron beam is generated, after hitting on a heavy-Z target (Tungsten, Copper,
Gold, etc) it is subsequently converted into an intense beam of bremsstrahlung photons, with
an energy spectral distribution of the type shown in Figure 1.2.a. The photon spectrum is
continuous, extending from some Emin fixed by the plasma frequency of the target metal, to the
maximum electron energy Emax, with a maximum of intensity peaked roughly at about Emax/25
(keV). If the maximum electron energy allows it, also characteristic X-ray lines can appear
superposed to the continuous spectrum, resulting from the direct collisions of projectile
electrons with atomic electrons. The angular distribution of the emitted photon beam is rather
isotropic at the lowest electron beam energy, and becomes increasingly forward peaked as the
initial electron energy is increased. As shown in Figure 1.2.b, already for Emax=500 keV, the
photon beam is strongly forward peaked. At the typical beam energies of a medical CLINAC,
Emax=5-20 MeV, the photon beam is sharply directed in the forward direction with a minimal

lateral dispersion.
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Figure 1.2: a. the spectrum of photon radiation emitted by a monochromatic beam of electrons
with energies of 80 to 140 keV. The maximum energy of each bremsstrahlung spectrum ends
at the electron energy. Note the characteristic X-ray lines of the Tungsten target at 59 and 67
keV. b. angular curves of isointensity of the emitted photon beam from electrons of 100 and
500 keV on a W target.

1.2.4 Types of ionizing radiations

In order of increasing frequency and decreasing wavelength, the electromagnetic spectrum
spans radio waves, microwaves, visible light, ultraviolet light, X-rays and y-rays (Figure 1.3).
According to the quantum theory of radiation, the energy E of the electromagnetic wave is

connected to its frequency v and wavelength A by Planck’s equation:

Equation 1.2

E= = —
hv p

where h=6.62x103* J s, is Planck’s constant. The wave velocity is ¢ = Av, equal to the speed
of light in vacuum ¢=3x10% m/s. The idea that radiation is quantized, despite having a
continuous spectrum of allowed energies, defines the concept of photon, the equivalent of an
ideal monochromatic wavepacket. Quantum theory predicts that photons of any wavelength
also demonstrate particle-like behavior, and carry a wavevector k=p(2n/h) associated to the
relativistic momentum p of a massless particle. However it is only at the highest frequencies,
and smaller wavelengths, when the radiation energy is comparable to the energy levels of atoms
and molecules, that such particle-like properties become readily observable. The absorption of
electromagnetic photons in matter depends on the energy of the photons and on the absorbing

material atomic number Z.
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Figure 1.3: Schematic of the electromagnetic spectrum [12]

Low-energy electromagnetic radiation can at most excite vibrations and rotations of molecules
(infrared frequencies). Low-energy, or non-ionizing, wavelengths are commonly understood to
have minimal effects on biological and chemical structures, and are therefore considered
harmless, outside the effect caused by heating, in biological tissue. Most of the technological
objects we use in everyday life, including cellphones, microwaves, and radio transmitters make
use of the lower energy-wavelengths of the electromagnetic spectrum. This being said, it is
important to note that continuing research varies at the exact line of demarcation between
ionizing and non-ionizing radiation, considering that certain molecules require very little
energy to be ionized and can therefore wavelengths such as UV can sometimes create affects

similar to X and y-rays.

At the highest end of the spectrum, X and y-ray photons possess sufficient energy to cause
atoms through which they pass to eject an electron from its orbit. This capacity to break apart
electrons from the orbit of atoms is the process of ionization. Typical binding energies of orbital
electrons are in the range of tens of eV (1 eV=1.6x107° J). Therefore, a photon energy of at
least the same order or higher is necessary, corresponding to frequencies v=E/h > 10% s and
wavelengths 2=c/v < 10" m, or 1000 Angstroms (visible light). Photons of even higher energies,
such as X-rays (E ~ 0.1-100 keV, A ~ 1-100 A, v ~ 10%6-10* s!) and y-rays (E > 100 keV, A <
1 A, v>10% s) can produce many such events of ionization, giving off some fraction of their
energy at each ionization event. As a rough estimate, a 1 MeV y-ray in water can produce about

30,000 ion pairs over a path length of about 10 cm.
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When an atom is ionized, the loss of one of its electrons leaves behind a charged atom, the
ensemble being understood as an ion pair (a negative electron and a positively charged ion).
lons traveling in the material can interact with other species, and if not recombined with
negative charge, can produce highly reactive free radicals. For example, one ionized water

molecule H2O" can interact with a normal water molecule, and give
H.O* + H2O — H3O"+ OH".

The hydronium ion (H3O*) would be normally present in water at neutral pH, because of
dissociation equilibrium. The OH", however, is not normally found in water, and is called a free
radical. This is a special molecule that is not ionic (it has zero charge), however it has one
unpaired electron, indicated by the “*’. This unpaired electron represents a danger for other
chemical species, in that the free radical seeks to attach to any other electron receptor species,
typically acids. And, remember, DNA is ‘deoxyribonucleic acid’. Attachment of a free radical

to DNA is indeed at the origin of the most severe damages.

Direct ionization is among the many effects electromagnetic radiation can have when passing
through matter. In the range of energies typically used for radiotherapy and imaging
applications (from a few keV to some tens of MeV), photons passing through matter transfer
their energy to target atoms and molecules through the following three main processes:

photoelectric absorption, Compton scattering, and pair production, as shown in Figure 1.4.
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Figure 1.4: Dominant types of interactions as a function of the atomic number Z of the
absorber and the energy of the photon radiation [13]
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e Photoelectric effect: The photon travelling through a medium is absorbed by an
atom, causing ejection of this electron and disappearance of the photon. The electron has a
kinetic energy equal to the photon energy minus the work function of the solid, or the
ionization energy of the atom (in both cases, the energy necessary to extract the electron
into free space) and usually a random wavevector k.

e Compton scattering: The photon is scattered from an atomic electron of the medium
(electron considered as free), which leads to the atom ionization. The electron receives part
of the photon energy and momentum, and the photon is scattered with a lower energy and
momentum, as well as change in the direction of k.

e Pair production (or materialization): when a high-energy photon enters in the Coulomb field
of a nucleus (possibly of an electron), it can materialize into a positron/electron pair. The
incident photon energy must be higher than or equal to 1.022 MeV, the positron and electron
receive the extra energy as Kkinetic energy and their momenta are in (almost) collinear

opposite directions.

High-energy photons are not the only radiations capable of promoting ionization. All charged
particles can induce ionization, such as electrons, protons, ions (notably alpha particles, which
are just Helium atoms stripped of both electrons, therefore “He nuclei). However, in the case of
charged particles the ionization density per unit path length is so high that it is not useful to
consider individual interaction events (such as photoelectric, Compton, pair-production in the
case of photons). Instead, the average energy loss dE is considered to be practically continuous
over any infinitesimal distance dx, and grouped in what is called the stopping power, dE/dx, of
the material for a particular charged particle (see Figure 1.5). Due to the much higher ionization
density, charged particles of comparable energy travel much shorter paths in a material,
compared to photons or neutrons. To give an order of magnitude, a 1 MeV y-ray travels ~10 cm
in water, a 1 MeV electron (beta-ray) about 1 cm, a 1 MeV proton a few 10 cm, and a 1 MeV

a-particle about 10 cm.
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Figure 1.5: Comparison of the calculated stopping power (dE/dx, in MeV/cm), for various light
and heavy charged particles. The shape of the curves (from the Bethe-Bloch formula [14]) is
always very similar, only being shifted to higher energies as the mass and charge of the
projectile increase. For electrons, the Bethe-Bloch formula is modified by additional terms.

1.2.5 Linear energy transfer

The linear energy transfer (LET) has been introduced to reflect the spatial density of ionization.
It allows giving a rough characterization of the quality of a radiation by a single number, without
having to describe each type of particle and its energy. The LET is defined as being equal to
the amount of energy dE transferred to the material by radiation traveling a distance dx, and is

usually expressed in keV per micrometer (keV.um™):

Equation 1.3

LET = dE
T dx

The LET is increasingly large when the radiation loses much energy over a short distance; the
ionization caused by the passage of a low-LET particle will therefore be much more scattered
than the ionization caused by high-LET particle. For charged particles, the LET increases
linearly with the density of the medium and, for a given environment, it increases as the square

of the charge of the particle and is inversely proportional to its kinetic energy over a large

20



energy interval [15]. Radiations are categorized into low- and high-LET, with charged particles
usually being high-LET radiations, whereas X- and y-rays are considered low-LET radiations
due to their sparse ionization density (Table 1.2). For low LET radiations the energy deposition
events along the track of the photon are sparse relative to the dimensions of biomolecules such
as DNA, with the result that photons may pass through such a molecule without depositing any

energy.

A practical formula for estimating the ionization density, ID as (ion pairs)/micron, in biological

tissues is:

D= LET (keV /um)
B 34

Table 1.2: Typical let values of ionizing radiation [12]

Radiation Linear Energy Transfer, KeV/um

CO-60 and y rays 0.2
250 kVp X rays 2.0
10 MEYV protons 4.7
150 MeV protons 0.5
14 MeV neutrons 12

2.5 MeV a particles 166
2 GeV Fe ions 1000

1.2.6 Radiation dose and units

The biochemical changes produced by ionizing radiations are the fundamental events leading
to radiation damage in tissues. Radiation is measured either as exposure or as absorbed dose.
The absorbed dose is the amount of energy absorbed in a system and generally regarded as the
best way to quantify the radiation absorption. Various types of radiation dose units are used in
radiobiology and Table 1.3 presents some of the frequently used dose units for measuring these

radiation quantities.

1.2.6.1 Exposure

The radiation exposure is a measure of radiation based on its ability to produce ionization in air
under standard temperature and pressure. This is the quantity measured by many radiation
detectors, such as ionization chambers. The (S.I.) unit for exposure is Coulombs/kg in air (or

Roentgen R in old units: 1 R = 2.58 x 10-4 C/kg air). The unit of exposure is only defined for
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air and cannot be used to describe dose to tissue. Nevertheless ionization chambers are widely
used to calibrate medical radiation devices and conversion factors to calculate the absorbed
dose from exposure have been carefully documented for different radiation energies and

tissues.

1.2.6.2 Absorbed dose

The amount of energy absorbed per mass is known as radiation dose. Radiation dose is the
energy (Joules) absorbed per unit mass of tissue and has the (S.1.) units of Gray (1 Gy =1 J/
kg). In the past the rad (radiation absorbed dose) was used, where 100 rad =1 Gy (1 rad =1
cGy).

1.2.6.3 Equivalent dose

As discussed above, the biological effectiveness (RBE) of each type of radiation varies greatly,
depending largely on LET. For radiation protection and occupational exposure purposes the
term ‘equivalent dose’ is used to compare the biological effectiveness of different types of
radiation to tissues. The (S.1.) dose equivalent (Hr) in Sievert (Sv) is the product of the absorbed
dose (Dr) in the tissue multiplied by a radiation-weighting factor (WR), often called the quality

factor.

Equation 1.4

HT = Z WRxDT

Table 1.3: Summary of radiation units [12]

Dose Sl unit Old unit Conversion factor
Exposure Clkg air Roentgen 1 R =2.58 x 10-4 C/kg air
Absorbed dose Gray (Gy) Rad 100rad =1 Gy
Equivalent dose Sievert (Sv) Rem 100 rem =1 Sv

1.2.7 Penetration of photon beams into a phantom or patient

The intensity of a point-like photon source emitting in air or a vacuum decreases according to
the inverse square law of the distance from the source; the beam from a LINAC can usually
considered point-like, even with a small divergence [16]. On top of this, the intensity of a
photon beam propagating through a phantom or patient, is altered by the attenuation and
scattering from the biological tissues of the patient, or the biological-like material of the

phantom. These combined effects make the dose deposition in a phantom or patient a
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complicated process, and its precise determination is a complex task. A direct measurement of
the dose distribution inside the patient is essentially impossible, yet for a successful outcome
of patient radiation treatment it is imperative that the dose distribution in the irradiated volume
be known precisely and accurately. This is usually achieved through the use of several transfer
functions that link the dose at any arbitrary point inside the patient to the known dose at the

beam calibration (or reference) point in a phantom.

The transfer functions are usually measured with suitable radiation detectors distributed in
tissue equivalent phantoms. The dose or dose rate at the reference point is determined for, or
in, water phantoms for a specific set of reference conditions, such as depth, field size and source
to surface distance (SSD). A typical dose distribution on the central axis of a megavoltage
photon beam penetrating a patient is shown in Figure 1.6. Several important points and regions
may be identified. The beam enters the patient on the surface, where it delivers a certain surface
dose Ds. Beneath the surface, the dose first rises rapidly (build-up), reaches a maximum value
at depth zmax and then decreases almost exponentially until it reaches a value Dex at the patient’s
exit point. The build-up is an important feature of high-voltage (above a few MeV) photons,
since it allows creating a relatively sharp maximum of dose at some depth (a few cm) inside the
patient, thus aiming more precisely at the tumor mass, while reducing the dose on the surface

(skin-sparing effect).

Patient
Source

Dypax = 100

Y

0 Zmax Depth {z) Zoy

Figure 1.6: Dose deposition from a megavoltage photon beam in a patient. Ds is the surface
dose at the beam entrance side, Dex is the surface dose at the beam exit side. Dmax is the dose
maximum often normalized to 100, resulting in a depth dose curve referred to as the percentage
depth dose (PDD) distribution. The region between z = 0 and z = zmax is referred to as the dose
buildup region.
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The depth of maximum dose (zmax) beneath the patient’s surface depends on the beam energy
and beam field size. The beam energy dependence is the main effect, whereas the field size
dependence is often ignored because it represents only a minor effect. Nominal values for zmax
range from zmax~0 for superficial and orthovoltage X ray beams (with accelerating energies
below 500 keV), zmax = 1.5 cm for 6MeV (Cyberknife), to zmax =5 cm for 25 MeV beams, as

shown in Table 1.4.

Table 1.4: Typical depths of dose maximum zmax for various photon beam energies and
a field size of 5 x 5 cm2

Photon

beam Superficial | Orthovoltage | CO-60 | 4MeV | 6MeV | 18MeV | 25MeV
energy

Zmax
(cm)
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1.3 Biological analysis methods of DNA damage

1.3.1 Introduction

During the cell life, DNA is constantly worn by endogenous or exogenous agents [17]. The
action of these chemical or physical agents leads to varied chemical modifications of the cellular
DNA. Physical agents include ionizing radiation (X and y rays) explained in the previous
sub-chapter and ultraviolet light (UV). DNA damages have some complex biological
consequences and a better understanding of the phenomena is essential to optimize the dose
delivery during a radiotherapy treatment. Nowadays, the DNA damage study is mainly

performed by biological methods described below.

1.3.1.1 The DNA molecule

1.3.1.1.1 DNA: the carrier of genetic information

The current molecular-scale knowledge of biology comes from several disciplines: genetics,
cytology, chemistry, molecular physics, biochemistry. Molecular genetics was born when
Avery, McLeod and McCarthy showed in 1943 that deoxyribonucleic acid (DNA) is the
molecular support of genetic information [18]. However, this discovery was regarded with
skepticism, because at that time most scientists thought that genetic information should have a
protein nature. Final acceptance of the theory of Avery would come only with the elucidation
of the DNA structure, by James Watson and Francis Crick in 1953 [19] (Figure 1.7.a), based
on the X-ray DNA diffraction patterns of crystallographers Maurice Wilkins and Rosalind
Franklin. This discovery earned the three men the Nobel Prize for Medicine in 1962.
(Unfortunately excluding Rosalind Franklin, the only chemist in the group, who had actually
performed all the X-ray diffraction experiments and identified in the first place the helical

structure of the molecule.)

The existence of a genetic code for translating the information contained in DNA in a sequence
of amino acids has been firstly described by Khorana and Nirenberg 1961 [20]. With the advent
of genetic engineering in 1970s, the genes of the most complex organisms could be decoded

and directly analyzed, until in 2003 the entire human genome was decoded.

25



a b
Short region of MOVPATVOPD I 2nm

DNA double helix
‘Beads on a string”b I 11nm
form of chromatin

30-nm chromatin
fibre of packed
nucleosomes

30nm

Section of g
chromosome in an § |
extended form

Condensed section g}?gg "{E::f

of chromosome :

\‘ %ere
Entire mitotic m I1400nm
chromosome

Figure 1.7: a. DNA 3D model by Watson and Crick’s in 1953. b. Scale of the DNA structure

1.3.1.1.2 DNA structure

The DNA macromolecule is a polymer formed by two oligonucleotide antiparallel strands
wound helically around each other in double helix, as shown in Figure 1.7.b and Figure 1.8. A
strand DNA consists of a series of four basic units, the nucleotides. They bear each one of the
four different nucleobases: adenine (A), guanine (G), cytosine (C) and thymine (T). Each base
is attached to a 2-deoxyribose by a N-glycoside bond, to form a nucleoside. When a nucleoside
is linked to at least one phosphate, it becomes a nucleotide. A and G are called purine bases,
while C and T pyrimidine bases. Subsequently, many phosphate-sugar groups can attach to each
other, by losing one OH and one H each, respectively, which is liberated as a H2.O molecule. In
this way, a long polymer of many nucleotides can be formed, a single-strand DNA (sSDNA).
Since the OH terminus of the sugar is indicated by the symbol 3°, and the CH2 terminus (where
the POg sits) is indicated as 5°, the order of bonding in the single-strand polymer is said to
proceed in the 3’-t0-5’ progression. However, when DNA is being ‘read’ in the transcription

stage, the enzyme RNA-polymerase always proceeds in the 5’-to-3’ direction.
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Figure 1.8: Assembly of the DNA structure. a. Molecular structure of the four DNA bases:
Adenine (A), Thymine (T), Cytosine (C) and guanine (G). b. nucleotides (left) are formed when
a base (in this case, A) binds to a ribose sugar (pentagon), linked to a phosphate group. Since
the ribose has lost one Oxygen in the binding, the nucleoside is called a deoxyribo-nucleoside,
and becomes a deoxyribo-nucleotide when the phosphate (POsH) is attached. A polymer
holding many bases (example on the right) is formed when a nucleotide phosphate loses the
OH group, and can bind to the -OH hanging group of a ribose from another nucleotide; this
ribose loses its H, which forms a H20 molecule with the other OH, and the phosphate-sugar-
phosphate-sugar... backbone of a single-strand DNA is thus formed. c. Since A and T can form
each two hydrogen bonds, while G and C can form three, two sequences of single-strand DNA
can come together, if their respective sequences are complementary, pairing at every site two
bases A-T or G-C on either side of the double backbone (left). Structural energy minimization,
together with water and ion interactions in the nucleoplasm, force the paired double-polymer to
assume the characteristic twisted double-helix shape (right), which won the Nobel prize to
Wilkins, Watson and Crick.
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As shown in the Figure 1.8, two single strands of DNA can come together and form a double-
strand polymer (dsDNA). Because of their hydrogen-bond forming ability, A can pair with T
(two H-bonds each), but not with C or G; and C can pair with G (three H-bonds each), but not
A or T. If the two single polymer strands have complementary sequences on either side, for

example:
..A-T-G-G-A-C-T-G...
..T-A-C-C-T-G-A-C...

hydrogen bonds can be formed, and the antiparallel (i.e., with ends and heads reversed) double
strand becomes a real DNA:
55...A-T-G-G-A-C-T-G...3

1 e |
3. T-A-C-C-T-G-A-C...5

Antiparallel here means that one strand is attached in the 3’-t0-5" sense and the other in the 5°-
to-3’ sense. The spacing between each nucleotide is 0.34 nm, and the average twist at each base
pair is about 35 degrees, so that a complete turn of the helix requires about 10.5 base pairs, and
a helix pitch of 3.6 nm; the bases also have a slight tilt by about -1 deg towards the 3’ direction.
A human DNA can contain about 3 billion base pairs, making for about 1 m of length (2 m if
considered each strand separately), all packaged in the cell nucleus of about 1 um diameter.
These are the canonical Watson-Crick base pairings. In principle, other pairs may form (and

are indeed observed in DNA, and more often in RNA) with “non standard” couplings, for
example C=C, since both cytosines can form three hydrogen bonds. However, such non

standard pairs are comparatively quite rare, since their formation energy is higher than for

standard pairs: they represent defects in the coding structure, and are called mismatches.

The characteristic double-helical DNA shape comes about from the molecular interactions
besides the hydrogen bonding, notably: (1) a stacking interaction, of Van der Waals type,
between the nearly parallel, twisted bases lying on top of each other along each side of the helix;
(2) an electrostatic screening of the negative PO4~ charges (counterions) along the backbone,
mostly from the Na* ions in the physiological solution; (3) interaction with water molecules,
surrounding and stacking along and inside the helical grooves. (4) Elastic torsion and twisting
energy of the backbone bonds. The sum of all these interactions makes the helical structure to
be preferred with respect to the straight parallel strands. Upon forming the helix, it can also be
noted (see again Fig. 1.8 above) that the grooves are not equal, but alternate in a ‘major’ and a

‘minor’ groove, of width respectively 0.22 and 0.12 nm. Structural water molecules (micro-
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hydration) tend to nest preferentially along the grooves, while counterions may also bind close
to the center of the helix. Divalent cations (Ca?*, Mg?*) have a higher affinity for the DNA

grooves than monovalent ones (Na*, K*).

1.3.1.2 Radiation damage in DNA
While many biological compounds are sensitive to radiolysis, DNA is a critical target for
ionizing radiation and cellular damage with lethal consequences (cell death due to replication

blockage) or pro-mutagenic (non-repaired lesions inducing replication errors) for the cell.

Any ionizing radiation may act on the DNA by direct and indirect effects, described below.
Various lesions may be detected in the DNA after irradiation: base alterations, base cross-
linking, and base losses, backbone sugar modifications, DNA-proteins bridges, and most
notably single strand break (SSB) or double strand break (DSB).

The number and distribution of these damages depend on the radiation LET, structure of DNA
and certain physico-chemical parameters such as temperature, oxygen level, and presence of

protector or sensitizer compounds [21], [22].
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Figure 1.9: Types of DNA damage by ionizing radiations.
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The preceding Figure 1.9 gives a summary of the main types and locations of radiation induced
damages to the DNA molecule. The estimated average numbers of lesions induced in the DNA
of a cell by a dose of 1-2 Gy are approximately: base damages > 1000; single strand breaks
(SSB) ~1000; double strand breaks (DSB) ~40.

1.3.1.3 Direct and indirect effects

Figure 1.10 below summarizes both the direct and indirect effects of ionizing radiation on a
DNA molecule. Namely, the direct interaction of the ionizing radiation with the DNA molecule,
as opposed to the interaction with the surrounding water molecules, which subsequently

produce reactive species capable of attacking indirectly the DNA.

H,0 + radiation —> H,0" + e~

v

H,0" + H,0 —> H;0" + OH-
Direct effect Indirect effect

(@ (b)

Figure 1.10: Direct versus indirect action [12]

1.3.1.3.1 Direct effects

lonizing radiation can act directly, by impacting on biological molecules (RH, representative
of hydrocarbons) causing ionization and excitation, as described in the previous paragraphs.
One or more chemical bonds may be broken, resulting in atoms of the backbone or of the
nucleotides with unpaired electrons (free radicals), which are very reactive and have a short
life. The formation of these radicals occurs in the picosecond time range after the passage of

the radiation, and leads to structural changes of the DNA.

It is estimated that about one third of biological damage by y radiation is caused by direct
effects. This process becomes even more dominant with high-LET radiation, such as protons

or o particles.

30



1.3.1.3.2 Indirect effects — Water Radiolysis

The absorption of energy depends on the proportions and density of material in the path of the
radiation. Water is the most predominant molecule in living organisms (about 80% of the mass
of a living cell is water). Therefore, a major proportion of radiation energy deposited will be
absorbed in cellular water. A complex series of chemical changes occurs in water after exposure
to ionizing radiation (Figure 1.11). This process is called water radiolysis, a very complex
network of electron-transfer reactions whose relative yields depend on the pH and LET of the
radiation. The understanding of chemical changes in water is essential in order to study
radiation effects on DNA, since the products of water radiolysis attack the DNA, thus providing

an indirect effect of the radiation.
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Figure 1.11: Radiolysis of intracellular water (H20) [23]

Free radicals have a typically short life, of the order of 10 seconds, and can diffuse to relatively
short paths in water. The diffusion coefficient of the radical OH" is about 7 x10° cm?/s
(somewhat higher than those of the H2O molecule and the OH"ion), giving a typical RMS range
of 65 A. However, when attached to other molecular species, in a complex, radicals can survive
much longer, and travel longer distances. When a free radical, isolated or in complex, reaches
in proximity of the DNA, it can attach to several different places on the backbone, and transfer

the unpaired electron(s) to the DNA itself. This is the origin of a chain of chemical events
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leading to the formation of various defects in the DNA. Among these, the most relevant for cell

survival are certainly single- and double-strand breaks.

Single strand break (SSB) results from one broken bond of the DNA backbone, on one strands
of the double helix. The rate of production of SSB varies linearly with the dose and is lower
when the LET radiation increases. SSBs are quite easily repaired by the cell, in the space of a
few hours. Reparation can be divided into four stages: the recruitment of repairing enzymes and
their attachment to the damaged DNA, the restoration of the 3' and 5' normal extremity on either
side of the failure, the replacement of the missing nucleotide, and finally the ligation of the
DNA [24].

Double strand break (DSB) result from the two DNA strands on each side of the helix being
cut within less than h nucleotides apart, the number h depending on the stability of hydrogen
connections between the two strands, and being usually <10. Therefore, the amount of DSB
produced by a given dose is lower for high ionic force and low temperature. A DSB is called
homologous if it occurs at the same base pair and heterologous otherwise. A DSB may be
produced by the action of a single radical OH" on the 2-deoxyribose [25] with the transfer of
the radical on the second strand, or by attack of multiple radicals in neighboring areas [26].
Figure 1.12 gives an example of a possible mechanism of creation of a DSB by a single radical,
aided by the action of two oxygen molecules (an example also of the great importance and
sensitivity of radiotherapy to oxygenation of the cell). However, it must be noted that a DSB is
NOT the sum of two adjacent SSBs, since its chemistry is different, as also proved by the fact

that the cell recruits entirely different enzymes to start the repairing action.

These lesions are considered to be among of the most damaging and are lethal for the cell, if
they are not, or poorly, repaired. There are two major DSB repairing systems [27]: homologous
recombination reparation and strand pairing reparation. Recent studies on mouse have shown
that the absence of such systems lead to genome instability, including oncogenic translocations
[28].

32



5§ 3 5 3

— N— H2o' L NO

/ 02
'_O—‘ i — —
/

sl 3' 5 3 _O — PG" h—

— T — T | Base ®__ = C [

T — T Add. — T — T

— — BO — — / Bistranded

— — 92— Lesion

e
=gt 00+ — 5 8 I 5 3
] e - s P

———— | | Abs. — T H.0 — R —
— 1 é ' - PG s St
00:=60r8 e e i e [ —
(P) =phosphate LOOH — PG Yo I—
PG = phosphoglycolate 1T — P Prr— —
X = C4-AP [ — — —
NOX = Oxidized nucleobase Double strand Blstrapded
break Lesion

Figure 1.12: A proposed model for DSB formation helped by oxygen. From the left to the right:
formation of an initial radical at a T nucleotide (indicated as 1); adduction of O2 breaks the
phosphate backbone (SSB) and incorporates an O2" radical; this can remove a H atom froma T
on the opposite strand (lower path), reforming the radical 1 on the other strand; adduction of a
second Oz molecule breaks the phosphate also on this strand, thus producing a DSB, from one
single free radical + 2 O2[29] .

1.3.1.4 Biological consequences of DNA damage

Damage to cellular DNA is involved in mutagenesis and the development of cancer. The DNA
in a human cell undergoes several thousand to a million damaging events per day. Changes to
the cellular genome can generate errors in the transcription of DNA. Errors in repair, in addition
to generate small insertion or deletion mutations, can also result in chromosomal
rearrangements [Varga & Aplan 2005] and genome instability [Elliott & Jasin, 2002; Thompson
& Schild, 2002].

Once cells lose their ability to effectively repair damaged DNA, there are three possible

responses (Figure 1.13):

e The cell may become apoptotic. Sufficient DNA damage may trigger an apoptotic
signaling cascade, forcing the cell into programmed cell death.

e The cell may become senescent, i.e., “irreversibly” dormant. In 2005, multiple
laboratories reported that senescence could occur in cancer cells in vivo as well as in

vitro, stopping mitosis and preventing the cell from evolving further.[30], [31]
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e The cell may become malignant, i.e., develop immortal characteristics and begin

uncontrolled division.

DNA damage analysis is essential to understand the transformation of a healthy cell to an

apoptotic, senescent or cancer cell.

DNA damage
Exogenous/Endogenous

- Apoptotic
cell

Cell with Cell with
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cell DNA -
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DNA repair

Figure 1.13: The pathways of cellular DNA damage and repair that leads to senescence,
apoptosis, or cancer cells
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1.3.2 Chromatography

The most commonly used approach and the oldest to measure damage to DNA bases is based
on the use of direct chemical methods. The first work in this area dates back to the 70s [32].
These methods rely on immunochemical techniques, post-labeling techniques, liquid (LC) or
gas (GC) chromatographic analysis, coupled with mass spectrometry detection, or
electrochemical detection. The quantification of the damage is done on the DNA base, the
modified nucleoside or nucleotide. Measuring the cellular damage level requires a prior cellular
DNA extraction step. The extracted DNA is then hydrolyzed to monomers, bases, nucleosides

or nucleotides, before damages can be finally analyzed.

1.3.2.1 Post-labelling method

The post-labelling method has been used for three decades ([33], [34]) for measuring various
DNA adducts. The use of a radioactive signal makes it a very sensitive tool (1 adduct per 108
normal nucleotides) that may be very suitable for the measurement of radiation-induced damage
of bases. Another advantage of the method is that it requires a very small amount of DNA (a

few micrograms).
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Figure 1.14: Principle of the 3P post-labelling [33]
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The methodology is an enzymatic hydrolysis of the DNA as a 3'-monophosphate nucleosides
(with a micrococcal nuclease and a calf spleen phosphodiesterase). One (T4 polynucleotide)
kinase allows to introduce a radioactive phosphate group using the [y-32P] ATP as donor, on
the 5-OH function of the nucleoside 3'-monophosphate (Figure 1.14). Chromatographic
separation on thin layer cellulose anion exchange will separate normal nucleotides and modified

before the quantification.

1.3.2.2 Immunological method

The method is based on the use of poly or monoclonal antibodies directed against DNA
changes. A key challenge is to obtain specific antibodies to a given oxidative damage. To
prepare an antigenic system, one strategy is to attach the modified nucleoside to a protein that
will be recognized by the immune system of a host system. The difficulty of obtaining
antibodies is related to the variability of responses among individuals, the choice of the hapten
and the potential cross-reactions. This explains the almost total absence of sufficient specific
antibody for the measurement of oxidized DNA bases. An exception is the monoclonal antibody

directed against the thymidine diol [35].

The first poly- and monoclonal antibodies directed against thymine diols (Tg) were obtained
by West et al. [36] and Leadon and Hanawalts [37]. Other antibodies were prepared using a
thymidine diol (Tg) monophosphate coupled to a protein, as hapten. Detection limits showed
low specificity of 1 Tg for 10* [38], and 1 Tg for 10° base pairs that helped highlight Tg residues
in DNA isolated exposed to 20 [39] and 10 Gy [40]. However, this sensitivity is insufficient to
measure the basal level of Tg estimated between 1 and 20 for 10° normal nucleotides [41].

1.3.2.3 Gas chromatography with ion-selective mass spectrometry

The use of mass spectrometry (MS) allowed, in the last thirty years, the measurement of many
DNA lesions. This is today the main technique for detecting oxidative-induced DNA damage
in cancer [42]. Coupled with gas chromatography, the (GC-MS) method allows the
determination of basal level, the rate formation and the repair kinetics of the modified bases in

a DNA sample. Several of these lesions are produced by gamma irradiation ([43], [44],[45]).

Mass spectrometry (MS) allows the determination of the masses of fragments after ionization
of the molecule. Thus, information on the nature and structure of these molecules are collected.
It involves the ionization of the analyzed compound to submit charged species thus obtained to
an electric or magnetic field. Each ion product is selected as a function of its mass/charge ratio
and appears in the mass spectrum. This detection method is particularly specific, and allows the

detection of several modified bases in DNA.
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Figure 1.15: Preparation of DNA sample for GC/MS analysis

The method is applicable only to bases or nucleotides thermo-stable after a derivation step.

Measurements made on the cellular DNA require a cellular DNA extraction as a first step.

Subsequently an enzymatic hydrolysis (P1 nuclease/alkaline phosphatase and/or acid) is
carried out to release the nucleosides or bases. Some nucleoside can be directly analyzed after
a derivation step [46]. However, acid hydrolysis leading to the liberation of the lesions in the

form of bases is commonly used (Figure 1.15).

GC
MS Transfer Line Separative ‘ILjrSample

Detector Technigue Inlet
ana—— 2 I { 000000
DODO00 4 | { } s—— ; - . ///—:\\\__\ Oetctor
8m[n “y )| Vs N\
m/a] | @ y _ :
688 / M = ; 1 \ Amplifier
f
gloer;ttrr?nlmcs Detector Mass Spectrometer lon Source
\ Column j DOD 00O
Vi oo
— N\ Y/ ooo
—_— =——; \‘\\ ///’/
e g
Doo =2
ooo || C
888 olumn Oven
Vacuum System ooo
o0oo

Figure 1.16: Schematic diagram of GC/MS [47]

Once the hydrolysis is completed, the compounds must be derivatized to make them volatile.
This is a critical step for the sample preparation. Main derivatization methods involve silylation
of alcohols, amine and enol function of the bases of the trimethylsilyl groups ([48], [49]).
Derivatizing agents may be used such as N-tertbutyldiméthylsilyl-N-methyl-trifluoroacetamide
(MTBSTFA) or N,O-Bis(trimethylsilyDtrifluoroacetamide (BSTFA) and the derivatization
requires heating for a period of 20 to 30 min at 130 ° C.
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Volatile compounds for the derivation are injected onto a capillary column of silica (coated
with a film methylsiloxane substituted with 5% of phenylmethylsiloxane) flushed with helium.
The injection port and the GC-MS interface are maintained respectively at 250 ° C and 290 °
C (Figure 1.16). Dropping of the compounds is carried out by a gradient increasing of the
column temperature. The compounds are thus released with time and detected at the column
outlet by the mass spectrometer. lonization is usually done by electron impact with a SIM type
detection mode ("Single lon Monitoring™). The SIM mode versus SCAN mode (which allows

you to view all the ions from the fragmentation of the parent ion) is much more sensitive.

1.3.2.4 High-performance liquid chromatography (HPLC-MS/MS)

High performance liquid chromatography technique coupled with mass spectrometry detection
in tandem (HPLC-MS / MS) is the analytical method proposed most recently. HPLC is also
the most common separation method to study biological samples by MS or MS/MS, because
the majority of biological samples are liquid and nonvolatile. LC columns have small diameters
(e.g., 75um; nanoHPLC) and low flow rates (e.g., 200nL/min), which are ideal for minute
samples [50]. Additionally, "in-line™ liquid chromatography (LC linked directly to MS)
provides a high-throughput approach to sample analysis, since multiple analytes that elute

through the column at different rates can be immediately analyzed by MS (Figure 1.17).

Practically, all samples require some form of preparation prior to study by MS to remove
detergents, reduce the complexity of the sample when focusing on specific proteins and/or tag
proteins for identification/quantitation. Proper sample preparation is critical for MS analysis,
because the quality and reproducibility of sample extraction and preparation significantly
impact results from MS instruments. Sample preparation encompasses a wide range of
techniques that includes lysate preparation, protein or peptide enrichment, sample clean-up and

protein digestion.
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Figure 1.17: Diagram of tandem mass spectrometry (MS/MS). A sample is injected into the
mass spectrometer, ionized and accelerated and then analyzed by mass spectrometry (MS1).
lons from the MS1 spectra are then selectively fragmented and analyzed by mass spectrometry
(MS2) to give the spectra for the ion fragments.

Due to the recent accessibility HPLC-MS/MS technique, there is limit number of DNA damage
measurement [51]. However, there are some studies of xenobiotics action on the isolated DNA
[52]. This mode of analysis is particularly suitable for the detection of thermolabile compounds

and opens new perspectives.

1.3.3 Strand-break length studies

Measurements of single-strand break (SSB) and double-stranded (DSB) have been the subject
of numerous studies due mainly to the strong involvement of DSB in the radiation-induced
lethality. On the other hand, the techniques involved in the determination of DSB have been
adapted for measuring other damage [53]. Several methods have been proposed over the last
fifty years. We briefly present their principle and compare their sensitivity with the gel

microelectrophoresis method in single cell.

1.3.3.1 Sucrose gradient centrifugation

Initially used to determine the size of the DNA molecules, the centrifugation method on a
sucrose gradient was then used to determine the number of single-stranded breaks [54]. The
method had to face several methodological problems, such as the effect of the sedimentation
rate on long DNA fragments, instability of the gradient, etc. In addition, the sensitivity of this
technique, due to the existence of background noise generated by the manipulation of cells [55],

is relatively low.
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1.3.3.2 DNA relaxation

The principle relies on the observation that the presence of DNA breaks accelerates the
electrophoretic migration of the molecule in an agarose gel in an alkaline medium [56]. After
irradiation, cell membranes are lysed in a basic medium. The solution is then neutralized and a
chromatography on hydroxyapatite column separates DNA fragments containing SSBs and
DSBs.. The method was used by Rydberg and Johansson in 1978 on individual cells [57]. A
DNA staining with ethidium bromide is used to estimate the relative proportions of intact and
fragmented DNA.

1.3.3.3 Pulsed-field gel electrophoresis

Cells are included in agarose wells and their plasma and nuclear membranes are then lysed.
After suitable treatment (protease and RNAse), DNA molecules move under the action of an
electric field in an agarose gel. Smallest is the size of DNA molecule higher is its displacement.
DNA molecules are previously labeled by cell incubation in presence of *H or *C precursors.
This method is particularly used for the measurement of the DSB and is suitable for large DNA
molecules. Several methodological steps of the technique were upgraded such as the use of

reversed or perpendicular fields [58].

1.3.3.4 Elution filter

Elution filter is one of the easiest method. It is based on the polycarbonate filter used for DNA
fragments size discrimination. The method can be used for the measurement of DNA-protein
bridges, SSB, DSB and alkali-labile sites. Cells included in a lysis solution are deposited on a
filter and most of the cellular contents, except DNA, are removed off by gravity. An alkaline
solution is then fed under the action of a pump and the eluent is collected as various fractions.
Elution of DNA fragments which are removed from the filter shows a semi-logarithmic
relationship with the mass [59], [60]. Despite the very high sensitivity of the method, various
studies have shown the influence of extrinsic factors such as the lysis pH [61], the composition
of the used buffers [62] and the phase of the cell cycle [63]. Performed under neutral conditions,
it is nevertheless particularly suitable for the measurement of DSB generated by low doses of

gamma radiation [64].

1.3.3.5 Gel microelectrophoresis (Comet)
In 1978, Rydberg and Johanson proposed the comets method. They incorporated cells in an

agarose gel placed on a microscope slide. The plasma and nuclear membranes are then lysed in
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mild alkaline medium, before the DNA is stained with orange acridine. The observed red or
green fluorescence, as acridine is linked to the single or double-stranded DNA, allows to
estimate the proportion of the two classes of breaks. To increase the sensitivity of the method,
Ostling and Johanson (1984) [4] introduced an electrophoresis step under neutral conditions.
Their hypothesis was that the DNA fragments migrate especially fast the smaller they are, and
that they are even more numerous once the DNA is cut. In 1988, Singh introduce the
electrophoresis in alkaline medium [65]. The method allows the detection of DNA strands
break. Allowing the detection of 1 SSB for 6.107 bases, the method is much more sensitive than

most of the techniques used previously (Table 1.5).

Another advantage of this technique is the cell-by-cell damage analysis. It is thus possible
within a population to distinguish subpopulations, which is not the case of global analyzes of
DNA modifications. Requiring only a very small number of cells, it is particularly suitable for
clinical studies [66], [67].

Table 1.5: Sensitivity of different measurement method of Single Strand Break

Refences Sensitivity
Gradient sucrose centrifugation [68] 1 break/ 6-15 10° bases
DNA relaxation [69] 1 break/ 2-3 10" bases
Pulsed-field gel electrophoresis [70] 1 break/ 1 10" bases
Elution filter [71] 1 break/ 0,6-1 10" bases
Gel microelectrophoresis (Comet) [72] 1 break /6 10" bases

1.3.4 Conclusion: Need for alternative methods of damage detection
Biological DNA analysis provides a rich panel of method to characterize DNA damage with a
high accuracy. Nevertheless, these methods invariably require some chemical agents, complex
processes, and cannot be performed in real-time during the DNA damaging process, most
unlikely online during the irradiation. Moreover, DNA damage mechanisms are coupled with
fast DNA damage reparation by a host of cellular proteins [73], which may start working
already during, or immediately after, the irradiation, thereby altering the results of the
subsequent chemical manipulations. Consequently, biological DNA analysis do not allow to
observe the fundamental DNA damage mechanism, namely the microscopic mechanism which
transform a healthy DNA molecule into a strongly damaged DNA by irradiation of cellular
DNA.

41



Alternative methods to biochemical assays should be therefore investigated, to complement and
improve the biochemical ones, based on the fact that the radiation damage chiefly induces a

structural damage to the DNA molecule in the first place.

Since DNA is, after all, a strongly polar molecule immersed in a multiple electrolyte solution,

one first idea could be that of measuring its electrical properties, mostly looking at possible

variations of its electrical conductivity with increasing damage. However, the question of DNA
conductivity has been long and bitterly debated [74], some claiming it to be a superconductor,
others believing DNA would not conduct electricity at all. Biologists struggled for long time
about how conductivity might affect DNA function. The overall consensus is now that although
DNA can transport electrons over a length of a few base pairs, it fails to conduct over longer
distances. Moreover, nearly all measurement of high conductivity were eventually discredited

as pertaining mostly to the conductivity of the backbone-adsorbed water molecules [10].

A second alternative way to biochemistry, definitely much more promising, may however come

from the measurement of DNA mechanical properties. The basic mechanics of DNA under

traction, compression, twisting has been well characterized in the past decades, by a number of
sophisticated experimental tools with single-molecule resolution, displacement resolution in the
sub-nm, and force resolution in the pN range [75], [76]. The theory of mechanical response of
DNA under applied stress is well developed, and provides a solid basis to analyze and interpret
the mechanical experiments conducted on isolated DNA molecules of pre-defined
sequence[77], [78]. By comparison, not much has been done yet on the mechanics of DNA with
defects, and especially radiation induced defects, although theoretical developments indicate
that meaningful mechanical signatures could be identified, for both single molecules and
bundles of parallel DNA molecules [11], [79].

Therefore, this thesis proposes a novel approach, based on the detection of DNA damage by
force spectroscopy, to observe in real-time the mechanical properties of a DNA bundle, under
ionizing radiation beams from a radiotherapy machine. Different existing devices for the
mechanical characterization of molecules will be described in the next Section, before
introducing the Silicon Nano Tweezers based on MEMS technology that is at the heart of the

present work.
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1.4 Force spectroscopy

1.4.1 Introduction

The Silicon Nano Tweezers (SNT) have been developed as a new integrated device for direct
bio-molecular manipulation and sensing. The motivation towards molecular manipulation is to
reduce the uncertainty of conventional biological assay technique like tube assay by performing

the detection by directly interrogating the molecule in real-time [80].

Molecular manipulations are traditionally performed by biophysical instruments, such as
Atomic Force Microscope (AFM, [6]), Optical Tweezers(OT, [7]) or Magnetic Tweezers(MT,
[8]). This Section 1.4 describes and compares these three technologies, introduces the idea of
SNT, and maotivates the choice of the SNT for the DNA characterization under radiotherapy

treatment.

1.4.2 Optical tweezers

Since their proof of principle in 1986 [81], optical traps have been widely applied to a variety
of biological systems such as DNA molecules [82], [83], kinesin motors [84], [85], viruses [86]
or whole cells [87]. In a typical experiment, biological polymers, membranes, cells,
microtubules are attached in between two optically trapped beads or a trapped bead and a glass
surface (Figure 1.18), powered by a single, or split Nd:YAG laser beam at 1064 nm (at this
frequency most biological material have a minimum absorbance). Then the rheological
properties of these objects are probed through the motion of the trapped bead by measuring the
deflection forces with steering optics. The force is deduced from the measurement of the
relative motion of the bead with respect to the trap center and force. Nanometer-scale
displacements and pN forces can be detected. Since the typical Young’s modulus of
biomolecules are in the range of E~10-100s MPa, with sizes in the 1-10 nm, this technique is
particularly appropriate for studying forces and displacement at the single-molecule level (by
using F~(EL)Ax). Although the full theory of the optical trap is quite complex, it is well
demonstrated in the first report of the principle [81] and in the detailed paper [88]. Practical

features are described in the extensive reviews by Neuman and Block [89] and by Ritort [90].

The measurement is carried out in the following manner (see Figure 1.18 below). An optical
trap is formed by tightly focusing a laser beam with an objective lens of high numerical aperture.
Dielectric particles in the vicinity of the focus experience a three-dimensional restoring force

directed toward the focus. Typically for small displacements (< 150 nm) of the polarized
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particle from its equilibrium position, the force gradient is linearly proportional to the

displacement, and the optical trap is well approximated as a linear spring.
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Figure 1.18: Optical tweezers principle for DNA analysis. a. Force calculation. b. Schematic
implementation

The spring constant, or stiffness, depends on the steepness of the optical gradient (how tightly

the laser is focused), the laser power, and the polarizability of the particle.

Therefore, measurements require a preliminary calibration of the position and the force.
Usually, the effective spring constant k is identified from the characterization of Brownian
motion, or by moving the probe through a known distance. Accordingly, the force measurement
is deduced from the Hooke’s law, F=-kx. The review [89] detailed the method for calibration

and measurements.

The limitations of this technique arise from the use of a laser to form the optical trap. A possible
heating of the solution and the generation of local convection currents may influence the
measurements of enzymatic activity for example. Furthermore, a laser in the near-infrared
wavelengths is usually used to minimize photodamage of the specimens without eliminating all
the risks. With this technique, the range of applied forces is 0.1 - 100 pN. The low limit is set
by the lowest stiffness needed to ensure trap stability, while the upper limit is set by the
maximum laser power. The range of displacement is usually limited to the linear range of the

trap, i.e. ~150 nm. For larger displacements, the experimental setup may be enhanced by
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incorporating actuation and control mechanisms of the optical stage. Experimental results of

spatial and temporal resolution reportedly are below the nanometer and millisecond levels.
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1.4.3 Magnetic tweezers

The concept of magnetic tweezers (MT) is similar to that of optical tweezers. Single molecule
can be manipulated by attaching it to an electromagnet with a paramagnetic core material and
operating in a high magnetic field gradient (Figure 1.19). One distinctive feature of the MT is
that it can be used to both stretch and twist the molecules. These characteristics are ideally
suited to the study of DNA enzymes such DNA topoisomerases which unwind ds-DNA [91] or
rotary motors such as FOF1ATPase [92].
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Figure 1.19: Magnetic tweezers principle for DNA analysis a. Schematic implementation. b.
Force calculation [93]

The measurement is carried out in the following manner. The MT are placed above the sample
holder of an inverted microscope, and biological polymers (typically DNA) are attached in
between a controllable magnetic bead and a glass surface. Forces are proportional to the
gradient of the square of the magnetic field. However forces can be important and roughly
constant in between the magnets, resulting in a very low effective stiffness (reported 10
pN=nm). Experiments are usually performed at a constant force (at force clamp). The sample
is illuminated through the gap in the magnets, and interference fringes between unscattered and
scattered light produce a well-defined pattern, which permits the measurement of the height
position of the bead. The lateral motion of the particle is measured by centroid tracking. The
MT are capable to exert forces in excess of 1 nN (with electromagnets) or 200 pN (with small
permanent magnets). As mentioned before, one of the distinctive feature of the MT is that
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torque experiments can be applied to molecules. Estimates of the applied torque for a 1 um
magnetic bead are in excess of 102 pN.nm, which is nevertheless much larger than molecular
torques (for example, the torque produced by ATP-synthase is 27-45 pN.nm; the maximum
plateau torque supported by straight DNA is about 10 pN.nm). MTs are up to now the unique
tools to enable torque experiments on single molecules. However, the large applied torque
limits the use of this feature and moreover the direct measurement of the rotation requires

special labeling of the molecule [94].

Finally, as for optical tweezers, sensitivity is limited by the video-based detection, which
prevent the direct measurement of very fast or very small displacements. This technique also
allows full 3D manipulation, but this requires cumbersome feedback system in addition to the

sophisticated setup.

1.4.4 Atomic force microscopy

AFM is very versatile tool widely used for imaging, measuring, and manipulating matter at the
nanoscale. Binning discovered the principle in 1986 [95] after the development of Scanning
Tunneling Microscope (STM). Basically, the AFM consists of a micron-sized cantilever with a
sharp tip at its end that is usually used to scan surfaces for topography at sub-nanometer
resolution (thousand times better than the optical diffraction limit). When the tip is brought into
proximity of a sample surface, forces between the tip and the surface lead to a deflection of the
cantilever according to the stiffness of the cantilever. Depending on the studies, the forces that
are measured with an AFM include mechanical contact force, van der Waals forces, capillary

forces, chemical bonding, electrostatic forces, magnetic forces and Casimir forces for instance.

The AFM also allows measurements of inter and intra-molecular interaction forces at the
piconewton-level. Similar to the OT and MT setup, in order to measure the mechanical
properties of the sample molecule, the two ends of the biological molecule need to be prepared
to specifically attach respectively the AFM probe and the surface (Figure 1.20). Therefore many
methods of attachment were developed using antibodies, streptavidin-biotin bonds, avidin-
biotin bonds but anyhow the contribution of the attachment must be considered in the elastic

response of the system.
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Figure 1.20: Atomic Force Spectroscopy principle for DNA analysis a. Atomic force
microscopy principle for DNA analysis. b. Molecule stretching by AFM tip.[96] c. Melting
force of ds-DNA [97] Single-molecule extension is commonly obtained by the z-displacement
of the piezo-actuated stage, and forces are generally calculated from the bending of the
cantilever with a known spring constant. Molecules of interest are described as springs that
generate a restoring force when they are mechanically stretched. Therefore the extension is
the distance between the anchoring points, i.e. between the cantilever tip and the glass
surface.

AFM-based force spectroscopy has emerged as a very popular tool to study pico- to
nanonewton-level forces, such as the rupture of molecular bonds (covalent bonds, ligand-
receptor binding, or enzyme-DNA interactions) ([98], [99], [100], [101], [102], [103]).
Commercial AFM are available from several suppliers, but usually customized experimental
setups are built, in which the cantilever is customised and functionalized with respect to the
target analysis. The accuracy of the measurements is determined by the quality of the
piezoelectric displacement detector stage and the implementation of closed-loop position
feedback control. The main limitations of AFM stem from the large size of the cantilever probe,
which imposes high stiffness (~1 N m) and implies important losses in liquid environment
(resonance quality factor flattening to 1 in liquid). Besides the forces associated with many
biological processes are difficult to study with AFM. On the other hand, surface
functionalization and bio-liquid preparation are required to avoid nonspecific molecule binding,
undesirable interactions with the surface and subsequent artifact in data measurement. It can be
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difficult to distinguish interactions of the tip with the molecule of interest from nonspecific

interactions or inappropriate contacts with the molecule of interest.

1.45 Conclusion

Force spectroscopy methods evidently opened the way for new types of experiments in
molecular biology. Direct measurement of forces at the molecular level has enabled to detect,
quantify and understand forces governing the interactions between the molecules in the cell.
Nevertheless these techniques still show some particularities and limitati