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Zusammenfassung

Teilchentherapie erzielt klinische Erfolge. Thre grundlegenden biologischen Wirkme-
chanismen sind aber nicht vollstindig bekannt. Dies liegt vor allem an der Schwie-
rigkeit, physikalische Strahlungsparameter und biologische Mechanismen auf subzel-
luldrer Ebene zu verkniipfen. Ziel dieses Projektes war daher die Entwicklung einer
Hybrid-Detektortechnologie (Cell-Fit-HD), welche genau diese Korrelation ermoglicht.
Cell-Fit-HD basiert auf einem fluoreszierenden Kernspurdetektor (FNTD). Dieser wird
mittels herkommlicher Konfokalmikroskopie (CLSM) ausgelesen. Um den Hybrid zu er-
stellen, wurde der FNTD mit Zellen beschichtet. Es wurden verschiedene fluoreszieren-
de Biomarker in der Zellschicht getestet. So wurde ein Verfahren entwickelt um beide
Komponenten des Hybrid-Detektors in einem Schritt mittels CLSM auszulesen. Indi-
viduelle von Cell-Fit-HD detektiere Ionendurchgénge wurden in der Zellschicht rekon-
struiert. Diese wurden sowohl mit DNA Doppelstrangbruchsequenzen in den Zellkernen
als auch mit dem Zelliiberleben ortlich korreliert. Die Hybrid-Detektortechnologie er-
laubt erstmals eine ortliche und hochaufgeloste Korrelation zwischen Ionentreffer und
Zellreaktion auf subzelluldrer Ebene sowie des Zelliiberlebens unter therapeutischen Be-
dingungen. Ionenspezifische mikroskopische Parameter kénnen extrahiert und mit der
Antwort jeder einzelnen Zelle verkniipft werden. Die einzigartige ¢rtliche Auflosung
von Cell-Fit-HD konnte es ermdoglichen, fiir die grundlegenden biologischen Wirkme-

chanismen ionisierender Strahlung Antworten zu finden.






Abstract

Despite a rapid development in ion beam cancer therapy there is still a great lack in
understanding the fundamental mechanisms linking physical energy deposition and bi-
ological response on the subcellular scale. A cell-fluorescent ion track hybrid detector
(Cell-Fit-HD) was thus developed for direct correlation of single ion tracks and sub-
cellular damage sites in clinical ion beams. It is based on the fluorescent nuclear track
detector (FNTD) read out by confocal laser scanning microscope (CLSM). The FNTD
was coated with various cell lines to create the actual hybrid composite. Different cell
compartment specific fluorescent stains were tested on the Cell-Fit-HD. A protocol was
developed to read out the hybrid in-situ by a single CLSM. Single ion tracks detected
were reconstructed in the biological compartment and correlated to radiation-induced
DNA double strand break sequences as well as to cell survival kinetics. Cell-Fit-HD
enables the investigation of radiation-related cellular events along single ion tracks on
the subcellular scale. Microscopic physical parameters of each incident ion can be ex-
tracted and correlated to the cellular damage response pattern. The unique spatial
resolution of Cell-Fit-HD could help to gain a deeper understanding between particle

hits and resulting biological effects beyond the statistical relations we know today.






Contents

1 Introduction

2 Fundamentals

2.1
2.2
2.3
2.4
2.5

Rationale behind IBCT . . . . . . . ... ... ... ..
Interactions of ions with matter . . . . . ... ... ..
Important physical quantities . . . . . ... ... ...
Microscopic track structure . . . . ... ... ... L.

Optical microscopy . . . . . . . ... ... ... ..

3 Materials and Methods

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

Materials for cell biology . . . . . . .. ... ... ...
Al,O3:C,Mg based FNTD . . . ... ... .......
LSM 710 . . . . . .o
Axiovert 40C . . . . ...
Leica DMILLED. . . .. ... ... ... .......
STED microscope . . . . . . . . . . .. ... ... ...
Software . . . . . . ... .. ...
Heidelberg Ion-Beam Therapy Center . . . . . . . . ..
Methods in cell culture . . . . . . . ... ... ... ..

3.10 Description of fluorescence dyes and assays used . . . .

3.11 Protocols for cellular imaging . . . . . . .. ... ...
3.12 Trradiation geometry of the Cell-Fit-HD . . . . . . . ..

3.13 Routine for ion track reconstruction in 3D . . . . . ..

3.14 Correction for axial geometrical distortion . . . . . . .

3.15 Routine for nucleus segmentation . . . . .. .. .. ..

4 Experiments

4.1
4.2
4.3
4.4
4.5

Engineering Cell-Fit-HD . . . . . . ... ... ... ..
Ion track reconstructionin 3D . . . . . ... ... ...
DNA damage response to particle irradiation . . . . . .
Resolving therapeutic particle spectrum . . . . . . ..

Probing single cell fate after therapeutic ion irradiation

o J Ot ot w W

13
13
13
14
17
17
17
17
17
18
18
19
21
21
23
24

25
27
32
37
40
44



Contents

5 Results
5.1 Engineering Cell-Fit-HD . . . . . ... ... ... ...
5.2 lon track reconstructionin 3D . . . . . ... ...
5.3 DNA damage response to particle irradiation . . . . . .
5.4 Resolving therapeutic particle spectrum . . . . . . ..

5.5 Probing single cell fate after therapeutic ion irradiation

6 Discussion
6.1 Engineering Cell-Fit-HD . . . . . ... ... ... ...
6.2 Ion track reconstructionin3D . . . . ... ... .. ..
6.3 DNA damage response to particle irradiation . . . . . .
6.4 Resolving therapeutic particle spectrum . . . . . . ..

6.5 Probing single cell fate after therapeutic ion irradiation
7 Conclusions and Outlook
Bibliography
List of Figures

List of Tables

Appendices

IT

47
47
ol
93
5}
62

69
69
70
72
73
77

81
85
93

95

97



Contents

I1I



1 Introduction

Worldwide the number of ion beam cancer therapy (IBCT) centers is increasing. By
the end of 2012, 88,448 patients have been treated in seven carbon ion and 37 operating
proton beam therapy facilities [1]. Additional 37 therapy centers are planned to start
operation within the next five years [2]. Heidelberg Ion Beam Therapy Center (HIT)
alone has a planned treatment capacity of over 1300 patients yearly [3]. Despite this
rapid clinical development, there is still a great lack in understanding the fundamental
mechanisms linking physical energy deposition to the biological response on the micro-
scopic scale (Figure 1.0.1A).

The BIOSTACK experiment undertaken during the Apollo lunar missions was one of
the first approaches to treat biological response to radiation on a multi-scale approach
[4, 5]. It comprised a hybrid detector (i.e. combination of a biological sample and
physical detector unit) visualizing single tracks of cosmic radiation and their corre-
lated effects on biological matter (e.g. seeds). Despite high accuracy in localizing the
ion penetration point in the biological sample, space-flight conditions imposed experi-
mental constraints.

In this thesis the idea of the BIOSTACK experiment is followed again to develop a
novel generation of hybrid detectors. The central compartment is the recently intro-
duced fluorescent nuclear track detector (FNTD) [6]. The passive detector is read out
non-destructively by a confocal laser scanning microscope (CLSM). It provides almost
100% detection efficiency of tracks by incident ions of a great spectrum of particle types
and energies [7].

Here, the FNTD is coated with a cell layer to develop the cell-fluorescent ion track
hybrid detector (Cell-Fit-HD). In this hybrid the FNTD (the physical compartment)
and the cell layer (the biological compartment) are read-out in situ by the very same
CLSM. The combination of single ion track visualization in the physical and radiation
damage imaging in the biological compartment promises direct visualization and spa-
tial correlation of physical energy deposition and subcellular response in clinical ion
beams (Fig. 1.0.1B).

In this thesis, protocols were developed to engineer the hybrid and to enable a se-
quential read-out of the physical and biological compartment (section 4.1). Ton track
reconstruction in 3D was performed using the depth information gained by the sole

FNTD read-out (section 4.2). The ability of 3D spatial correlation between physical
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Figure 1.0.1: Biological response to ion irradiation on a multi-scale (schematic scales). (A) Current
status: standard in vitro cell colony experiments can measure cell survival after dose deposition. The
corresponding ion beam (physical energy deposition) can be visualized on macroscopic length scales.
Animal experiments allow to correlate the energy deposition to the whole tumor entity. A measure of
the 5-year survival investigates the success of ion beam cancer therapy (IBCT) to the whole organism.
(B) Objective of the hybrid detector Cell-Fit-HD: A read-out with a resolution principally limited
by optical microscopy allows to resolve the physical energy deposition by single ions on the sub-um
scale. Co-detection and correlation to its cellular damage site (Insert) opens the possibility to link the
microscopic ion beam parameters not only to the molecular mechanisms (on the microscopic scale)
but also to the fate of the tumor (and organism, macroscopic scale).

energy deposition and subcelluar damage by the Cell-Fit-HD was proven (section 4.3).
It was investigated in parallel whether it is principally possible to resolve the particle
spectrum using the FNTD as a radiation monitoring device (section 4.4). Single cell
fate after therapeutic carbon ion irradiation was correlated to microscopic beam pa-
rameters utilizing the Cell-Fit-HD (section 4.5).

Most of the results have already been published [8, 9, 10, 11]. Reference to the corre-

sponding publications enclosed in the appendix (B-E) is made.



2 Fundamentals

2.1 Rationale behind IBCT

The possibility of concentrating the physical radiation dose, i.e. deposited energy (Eq.
2.3) in a well-defined target volume while sparing surrounding healthy tissue makes
IBCT a promising treatment modality for deep-seated tumors and tumors near organs
at risk [12]. The reason behind is a sharp increase of energy deposition, the so-called
Bragg peak, by slowed down particles with increasing penetration depth and a rapid
dose fall-off beyond (Fig. 2.1.1). The ability for this improved (compared to conven-
tional photon therapy) dose conformation and a high ratio of the Bragg peak dose
versus the dose in the entrance channel allows for high-precision radiotherapy [3]. The
ability to increase the delivered dose in the tumor rises the probability to control the
tumor growth and hence potentially increases the survival of the patient [12]. Simul-
taneously, the irradiation volume of surrounding healthy tissue is decreased leading to
a higher radiation tolerance. The probability of severe side effects is thus lowered.
The precise energy deposition in the target volume is technically realized by means
of modern beam delivery systems like active beam scanning [13]. There, the 3D ir-
radiation volume is dissected into a raster of voxels (small volume elements) prior to
irradiation. A fine particle beam (so-called pencil beam) is used to deliver the desired
dose to the corresponding voxel.
The potential benefit of ions heavier than protons compared to photon irradiation is
expressed by a single parameter, the relative biological effectiveness (RBE) [13]. It is
defined as the quotient of a particle dose (D;,,) and a reference photon dose (D,
typically x rays or v rays) of equivalent biological effect:

RBE = %m (2.1)
Despite being a single parameter, the RBE is a complex quantity, depending on physical
and biological parameters such as particle type and energy, radiation dose as well as
type of tissue and the biological end point to be considered (Fig. 2.1.2) [13]. The RBE
can therefore vary drastically within the irradiated volume. Protons have a similar
biological effect as photons with RBE= 1.1 [14]. The product of the RBE with D;,,
(Eq. 2.1) is called biological effective (short biological) dose.
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Figure 2.1.1: Inverse depth-dose profile of ions. Compared to megavolt photons, ions are able to
precisely deposit most of their energy in a small volume (Bragg peak). By adjusting the kinetic energy
of the particles the position of this peak in depth can be changed precisely. For therapeutic treatment
a spread-out Bragg peak (SOBP), a superposition of a set of beams with decreasing energies, is used
to cover the distal tumor extension. Taken from [15].
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Figure 2.1.2: RBE dependency on the linear energy transfer (LET) for several ion types. The LET
is closely related to the energy of the ion (Eq. 2.6). The RBE is increasing with increasing LET and
hence decreasing kinetic energy of the incident ion of a certain ion type. After an ion type-specific
maximum the RBE decreases. The RBE values were gained from cell survival experiments with V79
hamster cells [16, 17]. Taken from [18].



2.2 Interactions of ions with matter

2.2 Interactions of ions with matter

Multiple inelastic collisions of the incident particles with the target electrons (Coulomb
interaction) causing excitation and ionization of the target atoms dominate the energy
loss [13, 19]. Despite a much smaller probability, projectile and target fragmentation by
nuclear interactions is significantly contributing to the particle spectrum with increas-
ing penetration depth [13]. Projectile fragmentation processes leading to a buildup of
lower-Z fragments (for carbon ions: proton, helium, lithium, beryllium, boron) causes
attenuation of the original number of primary particles. Unlike target fragments pro-
duced by recoil, having a relatively low energy and therefore a short range, projec-
tile fragments largely contribute to the particle spectrum impinging the tumor. The
fragments exhibit a much broader angular distribution (mainly determined by reac-
tion kinematics) than the lateral spread of the primary particles caused by multiple
Coulomb scattering.
Energy loss by elastic scattering with the target nuclei is very small compared to ion-
ization. Yet it dominates the stopping process at the very end of the particle path, but
plays a negligible role in IBCT [20]. Energy loss by emission of bremsstrahlung, being
proportional to the inverse square of the projectile mass, is also negligible for proton
and heavier ions.
The energy loss of the particle is of stochastic nature and causes it to continuously
slow down. The mean energy loss dE per unit path length di by inelastic collisions
with the target electrons is called (electronic) stopping power S. It is described by the
Bethe-Bloch formula in first order:

dE 7 2? 2m.c? 3

with [S] = keV um™! [21, 22]. Tt depends on the projectile (charge z, ratio f = v/c
with v being the velocity) and on the target material (mass density p, atomic number
7, atomic weight A, mean excitation potential of the target atom I). The mean ex-
citation potential I can be calculated by I = 12eV-Z + 7eV for Z < 13 [19]. The

quantity m.c? is the electron rest energy.

2.3 Important physical quantities

The absorbed dose D is the quotient of the mean energy deé imparted by ionizing

radiation to the matter in a volume element of mass dm:

D = dé/dm (2.3)
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with [D] = Jkg™' = Gy [23]. For a parallel particle beam of particle fluence ® and

stopping power S, D can also be calculated in a material of mass density p by [13]:
D[Gy]=1.6-10"-S [keVpum™'] - ®[em™?] - p~" [em®g '] . (2.4)

The fluence @ is defined as the quotient of the number of particles dN incident on a

sphere of cross-sectional area da:
® = dN/da (2.5)

with [®] = m~2 [23]. In this text, the term absorbed dose is abbreviated by dose.
The stopping power S is closely related to the linear energy transfer (LET). The
LET (also termed restricted linear electronic stopping power) of a material for charged

particles is defined as:
dE
LETA=|— ) . 2.
= (%), (2.0

The quantity dF “is the energy lost by a charged particle due to electronic collisions
in traversing a distance dl, minus the sum of the kinetic energies of all the electrons
released with kinetic energies in excess of A” [23]. The unit is Jm™" or keV ym™!. In
the unrestricted linear energy transfer (LET,,) all possible energy losses are included
(i.e. A = 00), also the energy loss leading to a kinetic energy of the released electrons
beyond the cut-off A. The quantity LETA also includes the binding energy for all
collisions, i.e. the energy loss which does not reappear as kinetic energy of the released
electrons.

From a geometrical point of view the average range of the secondary electrons released
by inelastic collisions of the primary particles with the atomic electrons is given by the
energy dF transferred in such processes. The cut-off energy A is related to a cut-off
range of these electrons defined by the corresponding electron-range model [24]. The
quantity LETA can therefore be considered as the mean energy lost per unit path
length within a rotation-symmetrical volume of limited radius (given by A) along the
ion track. In the case of LET ., there is no restriction in the volume, i.e. all secondary
electrons emerging from the ion track are considered. Neglecting excitation of the
target atoms the unrestricted LET therefore equals the absolute value of the stopping
power S.

The absorbed dose and LET are non-stochastic quantities stating expectation values.
However, energy is deposited stochastically in discrete packages by the interaction
of the primary particles with matter. These packages are non-uniformly distributed
throughout the irradiated volume. To account for the stochastic nature of energy
deposition on the microscopic (sub-pm to um) scale, the concept of microdosimetry

was introduced [25]. There, the microdosimetry quantities to absorbed dose and LET,
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specific energy z and lineal energy [ are defined for single events.

2.4 Microscopic track structure

The superior biological effect of IBCT relies on the localized energy deposition of
the penetrating particles. Unlike photon irradiation, densely ionizing processes along
the ion trajectory occur (Fig. 2.4.1A B). The first generation of secondary electrons
released by inelastic collisions of the incident ion with the target atoms triggers a chain
of further electron release. The secondary electrons can undergo further ionization
events until their kinetic energy drops below a threshold when ionization is no longer
possible. Then, excitation dominates leading to further energy deposition in the target
volume.

The emission angle and kinetic energy of the released electrons is principally determined
by the double-differential cross section. The mean kinetic energy of the released first
generation of secondary electrons in water is in the order of 100eV [26]. Due to
this relatively small energy and preferred scattering in forward direction, the energy
deposition by the secondary electrons is highly concentrated in a small volume along
the ion track called track core. Additional ¢ electrons, i.e. secondary electrons having
enough energy (up to several keV) to leave the track core, occur. Due to frequent
scattering processes their trajectories exhibit a broad angular distribution.

Because of a much higher energy loss per unit path length for heavy ions, i.e. S oc Z?/3*
(Eq. 2.2) their kinetic energies have to be much higher in order to gain the same
penetration depth as lighter ions. This in turn means that more secondary electrons
are liberated in ionizing processes. Thus, the diameter of the track core is slightly
increasing while the total energy deposition (i.e. the absorbed dose) in the material
increases strongly.

A summation over all stochastic energy deposition events by the secondary electrons
along the ion track yields the track structure models by e.g. Butts and Katz [27]
and Scholz (termed Scholz model in this text) [28]. The corresponding radial dose
distribution (RDD) shows a steep gradient, following an 1/r? dependence, and thus
reflect the localized energy deposition in the close vicinity of the ion track center (Fig.
2.4.1C). The maximum range of the  electrons determines the range cut-off in the
RDD. Due to a lack of experiments, the actual dose distribution at the very center of

the ion track (e.g. a plateau in the Scholz model) still remains unclear.
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Figure 2.4.1: Spatial energy deposition of ions. (A) Schematic illustration of an ion traversing a cell.
(B) Simulation of microscopic tracks of secondary electrons produced by a carbon ion, 1 MeVu~!.
Each line corresponds to the track of a secondary electron. Taken from [29]. (C) Radial dose distri-
bution according to the Scholz model for carbon ions (152.05 MeV u~!) with a plateau of diameter 10
nm and a steep (1/r?) gradient. Computed using libamtrack [24].

2.5 Optical microscopy

2.5.1 Confocal microscopy

Confocal microscopes use of a pinhole aperture in front of a sensitive detector [30].
It allows for optical sectioning of the specimen. The pinhole acts hereby as a filter
to eliminate out-of-focus light in samples whose thickness exceed the immediate focal
plane. By optical sectioning, axial resolution enhancement is achieved. The acquisition
of a stack of imaging planes at well defined depths allows for a retrospective 3D re-
construction of the specimen. A mean beam splitter (MBS, a dichroic mirror) reflects
excitation light onto the specimen and enables only emission light of lower frequency
than the excitation light (Stokes Shift) to transmit and to reach the sensitive detector.
To get a point-like illumination an additional pinhole is placed after the excitation
source. Excitation and emission pinholes are situated in conjugate planes.
The detected image of a point-like object in the confocal arrangement is described by
the point-spread-function (PSF) hcons (Fig. 2.5.1A,B) [31, 32]. It is a convolution of
the light intensity distribution emerging from the point-like illumination process onto
the specimen (hy;) with the corresponding distribution emerging from the point-like
detection (hqet):

hcont = hin @ Nget- (2.7)

In ideal microscopes, heons is symmetrical with respect to the focal plane. The three
dimensional spatial distribution of h..,¢ defines the spatial resolution of the micro-

scope. The lateral resolution Az can be defined by the lateral full width half maximum
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(FWHM) Ad of the main maximum, called focal spot [33, 34]:
Az = Ad =~ \/(2nsina) = \/(2NA). (2.8)

Along the optical axis, the corresponding FWHM Az and hence the axial resolution is
related to:
Az~ \/(2nsin® a). (2.9)

Here, A and n are the excitation wavelength and refractive index, respectively. The
aperture angle o defines the half-angle of the maximum cone of light that can enter or
exit the objective lens. The numerical aperture (NA) thus expresses the ability of a

microscope objective to gather light.

C z (um) D

r (um) _
Intensity

Z (um)

r (um)

Figure 2.5.1: Point spread function (PSF) in confocal microscopy. Lateral (A) and (B) axial sec-
tioning of an exemplary symmetrical PSF h.on¢ in the absence of aberrations. Contour plot of an
axial sectioning (C) and the corresponding intensity profile (D) of hcons in the presence of spherical
aberrations. The originally symmetrical PSF gets distorted mainly along the z direction. Remote local
maxima get strengthened. An axial shift of the focal spot center from its original position (z=0 um)
occur. (A) and (B) are adapted from [35], (C) and (D) are adapted from [31].

2.5.2 STED microscopy

Stimulated emission depletion (STED) microscopy uses the concept of switching off a
fluorophore from its excited (fluorescent) state Sy to its ground state Sy (Fig. 2.5.2)
[34, 36]. An excitation beam transferring the fluorophores into S; is superimposed by

a depletion (so-called STED) laser beam. It quenches S; to Sy by stimulated emission.
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High STED pulse intensity I is needed to confine the fluorophores in Sy and to gain
saturated reduction of the fluorescence. To ensure a high probability (> 99%) for
switching off the fluorophore, I > 51 is used. The saturation intensity [, is defined as
the intensity at which the probability to find the fluorophore in 5; is reduced by half.
The spatial intensity profile I(x,t) of the STED laser is usually doughnut-shaped with
a central zero. At this zero and close to it, fluorophores are not quenched by the
STED laser. The FWHM Ad of the remaining volume where fluorescence can take
place depends on the intensity of the STED laser. With increasing intensity it can be
narrowed down, close to the point of zero intensity. Thus Ad and hence the lateral
resolution Az do not have a lower limit anymore. The expression for Ax is then an

extension of Abbe’s equation (Eq. 2.8) and is defined by

A

" onsinay/1 +1/I,

As all molecules within Ad contribute to the fluorescence signal, STED microscopy

Ax

(2.10)

displays the spatial distribution of the fluorophores. The specimen is scanned point-
by-point, i.e. by shifting I(x,t) over the sample. Parallel recording is also possible [36].
If a STED microscope is built once it can be also used as a confocal microscope by
switching off the STED laser. However unlike confocality it does not rely on a point-like
detector pinhole [34].

Figure 2.5.2: Working principle of stimulated emission depletion (STED) microscopy. The excitation
beam is superimposed by the STED beam. The diameter of the central maximum of the effective PSF
is subdiffraction-sized. Adapted from [37].

2.5.3 Spherical aberrations by refractive index mismatch

In optical microscopy, change of refractive index can occur in the light path, e.g. at the
transition of the lens immersion medium to the biological specimen. At such dielectric

boundaries light is partly reflected and refracted. This causes a shift in phase and

10
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in amplitude of the propagating wave and thus a disturbance of heons (Fig. 2.5.1C,D)
[31, 32]. A loss of intensity as well as axial spreading and an axial shift of the central
intensity maximum occur. The detected decrease in image brightness is however a
result of the confocal arrangement. By multiplication of the disturbed hy; and hget
(Eq. 2.7), the focal region of hcont gets further weakened while more remote parts (e.g.
secondary maxima) get strengthened.

The aberrations are increasing with increasing distance of the light rays from the
optical axis (therefore spherical aberrations). Apart from the axial shift of the focal
position they are less pronounced for low NA (definition in section 2.5.1) objectives
due to small aperture angles [32]. Spherical aberrations have big impacts for high NA
objectives. With increasing distance to the optical axis the light rays display a greater
mismatch of their intersections at the optical axis. The disturbance of h¢oys is related
to the read-out depth (with respect to the interface of refractive index mismatch).
The maximum intensity is strongly decreasing with increasing depth. Exemplarily, a
noticeable decrease of > 80% at 40 yum depth occurs [32].

Geometrical approaches accounting for the spherical aberrations are performed in order

to calculate the actual focal position (section 3.14).
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3 Materials and Methods

3.1 Materials for cell biology

Important materials for engineering Cell-Fit-HD including commercial staining kits,
antibodies and cell lines are listed in the appendix (Tables A1-A6).

3.2 Al,O;:C,Mg based FNTD

Fluorescent nuclear track detectors (FNTDs, Fig. 3.2.1A) of dimensions 4 x 8 x 0.5 mm?
are cut from a Al;O3:C, Mg single crystal [6]. Al;O3:C,Mg refers to a-Al,O3 (equiv-
alent names: corundum, sapphire) grown in a highly reduced atmosphere of oxygen
and doped with carbon and magnesium (Mg?*) ions. By doping fluorescent F5*(2Mg)
color centers are created. They are aggregate defects formed by two oxygen vacancies
and two Mg?T-ion impurities.

The F27(2Mg) centers are efficient for radiation field monitoring. For this purpose
the FNTD is read out non-destructively by confocal microscopy (Fig. 3.2.1B,C). Pris-
tine F5*(2Mg) centers can be excited at 435nm and emit fluorescent light at 520 nm
(Type-1 read, Fig. 3.2.2B). By either sequential two-photon absorption (photochromic
transformation) or exposing the detector to ionizing radiation (radiochromic transfor-
mation) F3"(2Mg) are transformed into stable FJ (2Mg) centers (Fig. 3.2.2A). The
radiation-transformed color centers have different optical properties: they absorb light
in the absorption band centered at 620 nm, prompting 750 nm fluorescence with a short
lifetime of 75 £ 5ns (Type-2 read, Fig. 3.2.2B). F57(2Mg) centers are also created dur-
ing crystal growth to some extent.

FNTDs are sensitive to ions with LET,, in water > 0.5keV ym~! [7, 38]. The passive
detector has a detection efficiency close to 100% for the entire spectrum of primary
particles and fragments of energies found in IBCT [7, 39]. The current limit of maxi-

2 corresponding to clinical

mum accessible track fluence is in the range of 0.5-10% cm™
doses for carbon ion irradiation (i.e. 2.27 Gy in water for C-12, 90 MeV u™') [7].

FNTDs have one 4 mm by 8 mm surface polished to optical quality specified by 40/20
scratch/dig, i.e. scratch width of maximum 0.04 mm and a dig diameter of maximum
0.2mm. The optical c-axis of the crystal is aligned parallel to the longer side of

the detector indicated by the cut edge (Fig. 3.2.2A). The fluorescence properties of

13
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AlyO3:C,Mg are anisotropic [40]. To maximize the fluorescence intensity, the polariza-
tion direction of the excitation laser light has to be aligned with the optical c-axis of
the crystal [39]. The optical stability of the transformed color centers and the heat-
resistance (up to 700°C) allows the FNTD to be read out multiple times [41] and to
be autoclaved [9].

A

track core

sec e- track

Figure 3.2.1: FNTD and fluorescence read-out signal. (A) Two FNTDs (each 4 x 8 x 0.5mm3). By
the confocal read-out, FNTDs allow for particle track visualization of sub-um resolution. Fluorescent
images of carbon ions (270.55MeV u~!) penetrating the FNTD perpendicular (B) and parallel (C)
to its surface. The occurring track spots (physical energy deposition events) are the characteristic
signatures of the swift ions left in AlsO3:C,Mg. The intensity of a track spot depends on the energy
deposition of the swift ion. Trajectories by released secondary electrons (sec e-), i.e. small structures
around the ion tracks as well as local energy aggregations (blobs) are visible. Insert: magnification
of a single track spot. The track core is encoded by dark red. Scale bars, 5 um. Courtesy of M.S.
Akselrod (A) and of F. Lauer (C). Taken from [9].

3.3 LSM 710

For the sequential read-out of the Cell-Fit-HD the inverted confocal laser scanning
microscope LSM 710 (Carl Zeiss AG, Germany) was used. It is referred to CLSM in
this text. Components important for the sequential read-out are listed in Table 3.3.1.
The CLSM features two photomultipliers (PMTSs), one transmission photomultiplier
(T-PMT) and two avalanche-photodiodes (APD) [43]. The microscope was equipped
with a scanning stage (DC 120 x 100), a z-piezo stage, and an incubator system. The
CLSM including its control software (ZEN, version 2009) was provided by the DKFZ’s
light microscopy core facility. The acquired image data was stored with 16 bit color
depth in the .Ism format (developed by Carl Zeiss AG).

3.3.1 Sample handling

For the read-out Cell-Fit-HDs were mounted in uncoated glass bottom culture dishes
(MatTek Corp, USA, Cat. No. P35G-1.5-20-C) with a dish diameter of 35 mm and cov-

erslip thickness of 0.16 - 0.19 mm. The glass diameter was 20 mm. Zeiss Immersol " 518
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3.3 LSM 710

Figure 3.2.2: Band diagram of Al,03:C,Mg. (A) Write: transformation by sequential two-photon
absorption (photochromic) or by ionizing radiation (radiochromic) of the pristine F3"(2Mg) centers.
(B) Fluorescence of the pristine F3" (2Mg) (Type-1 read) and of the FJ (2Mg) (Type-2 read) centers.
Alternatively to 620 nm, the FJ(QMg) centers also absorb light in the absorption band centered at
260 nm and 335 nm, prompting 750 nm fluorescence. Reproduction according to [41, 42]. Courtesy of
T. Rosch.

Table 3.3.1: Important components of the CLSM (LSM 710) used for the read-out of the Cell-Fit-HD.

Components Specifications

Excitation

Mercury lamp

diode laser 405 nm 30 mW nominal power

Ar laser 458/488/514 nm 25 mW nominal power

HeNe laser 633 nm 5 mW nominal power

Objective

40x Numerical aperture (NA): 1.40, oil
63X NA: 1.45, oil

Main dichroic beam splitter (MBS)
488/561/633 nm

405 nm

488 nm

458/561 nm

Quantum efficiency (visual band): 40 - 75%
Dark count rate: < 250 Hz

Dead time: 40 ns

Pulse length: 15 ns

After-pulse height: 0.5% (100 - 500 ns)
Maximum count rate: 20 MHz

Resolution: 5 nm

Working range: 250 ym

Avalanche-photodiode (APD)

z-piezo stage
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3 Materials and Methods

F (Carl Zeiss AG, Germany, Cat. No. 444960-0000-000), halogen-free, with n = 1.51
for A = 643.8nm at 23°C was used as an immersion medium for all oil objectives.
Fluoromount-G" " (SouthernBiotech, USA, Cat. No. 0100-01) was used as a water-

soluble and nonfluorescent mounting medium.

3.3.2 Scanning parameters

To acquire an imaging plane, the scanning head of the CLSM samples the specimen
point-by-point. The total acquisition time of a single imaging field mainly depends on
the number of rescans R and on the dwell time 7 per scan point. Important control

parameters are listed in Table 3.3.2.

Table 3.3.2: Important scanning parameters of the LSM 710.

Control parameters Specifications

R Number of rescans, operated in line-averaging

T [Us] Dwell time for a single spot position

p [%] Relative laser power

Pixel size [um] Dimension of a single scan position, step size for the sampling

Field size Number of scan positions per imaging field, defined in number of
pixels or pm

Detection pinhole diameter 1 Airy uplt (Ap) bglng the b.e'st trade-o.ff.between
depth discrimination capability and efficiency

3.3.3 APD detection

The fluorescence read-out signal of the FNTD was detected by high-sensitive APD
operating in single-photon counting mode [39]. It possesses superior quantum efficiency
compared to the PMT especially in the long wavelength range. The fluorescence signal

N detected was converted into a count-rate n:
n=N/(R-T). (3.1)

Due to non-linearities and saturation effects the detected count rate ngetecteq had to be

converted into the actual rate ngeua by:

Nactual = —To * ln(l - ndetected/n()) (32)

with an average saturation rate 7y of 18 MHz.
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3.4 Axiovert 40C

3.4 Axiovert 40C

The standard inverted wide field microscope (Carl Zeiss AG, Germany) was equipped
with halogen lamp, a phase contrast filter and standard dry objectives (10x, 20x, 40x).

3.5 Leica DM IL LED

The inverted wide field microscope (Leica Microsystems, Germany) was equipped with
a mercury lamp, CY3 green filter cube, a CCD camera (Leica DFC420 C) and dry
objectives (10x, 20x, 40x, 63x).

3.6 STED microscope

A STED microscope in the easy STED setup was used [44]. The excitation laser
line had a wavelength of 640 nm (pulse energy: 50 pJ). The STED laser line had a
wavelength of 765 nm (pulse energy: 1 - 10nJ). The STED microscope was constructed
during the PhD project of Henrich, M. [45].

3.7 Software

Routines for data analysis were mainly written with Matlab® (version 7.13.0.564,
R2011b). For the analysis of the FNTD image raw data, the histogram-based back-
ground subtractor [46] and particle tracker [47, 48] from the Mosaic tool collection,
the open source Java program Imagel (version 1.44p) [49, 50], as well as the open
source FNTD (version 0.5.2) and libamtrack (version 0.5.4) [24] packages for R (Ver-
sion 3.0.1) were used. A detailed description of the application of the particle tracker

and background subtractor on the FNTD image raw data can be found in [51].

3.8 Heidelberg lon-Beam Therapy Center

The Heidelberg Ion-Beam Therapy Center (HIT) at Heidelberg University Hospital is a
therapeutic facility with integrated research [3]. Patient treatment started in November
2009. For irradiation, various ion species including protons, helium, carbon and oxygen
ions are available. Besides three treatment rooms for clinical routine including the
world’s first carbon ion gantry allowing for 360° rotation of the beam line additional
irradiation room for quality assurance and preclinical research is available.

In all rooms active beam delivery, i.e. raster scanning with a pencil beam is available.
By combination of linear accelerator and synchrotron (20 m in diameter) protons and

carbon ions with kinetic energy of 48 - 221 MeV and 89 - 430 MeV u™!, respectively are
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3 Materials and Methods

delivered. These energies correspond to ranges in water of 2 - 31 cm enabling to irradiate
deep-seated tumors. The 3D ion beam delivery allows for a maximum irradiation field
of 20 x 20cm™2 in the isocenter. The proximal and distal range resolution in water
are 1.0mm and 1.5 mm, respectively. A homogeneous irradiation field is achieved by
a spatial superposition of the single beam spots of 2D Gaussian profile. The spot
width (FWHM) can be adjusted between 4 mm and 15 mm. Currently, the numbers of
particle per second (beam intensity) can be chosen between 2-108s™! and 2-10'0s™!
for protons and between 5-10°s™! and 2-10®s™! for carbon ions.

Unless stated all irradiations in this PhD project were carried out in the room for

quality assurance and preclinical research.

3.9 Methods in cell culture

3.9.1 General culture conditions

All cells were cultured in humidified atmosphere under standard culture conditions
(37°C, 5% CO,). Cells were harvested by centrifugation for 4 min at 800 rpm at room
temperature (RT). Cell culture work was performed under sterile conditions using a

laminar flow hood.

3.9.2 Culture of adherent cells

All cell lines were cultured in culture flasks. At a confluence of approximately 80%
cells were split. For this purpose the media in the cell culture flasks was discarded
and cells were washed with 10 ml DPBS (pre-warmed to 37°C) at RT. After discarding
the supernatant, 3 ml of Trypsin-EDTA solution (pre-warmed to 37°C) were added for
3min at 37°C (5% CO,). Detached cells were resuspended in 7ml fresh cell culture
medium (pre-warmed to 37°C) and centrifuged at RT. After discarding the supernatant
the cell pellet was resuspended in fresh culture medium and seeded in new culture flasks.

The ratio of cell suspension and fresh culture medium was 1:9.

3.9.3 Determination of cell density

The density of a cell culture was determined using a Neubauer chamber slide or the
Cellometer Auto T4 Cell Counter (Nexcelom Bioscience LLC, USA).

3.10 Description of fluorescence dyes and assays used

CalceinAM The initial non-fluorescent calcein acetoxymethly ester is cell permeable.

After cleavage (i.e. hydrolysis) by intracellular esterases calcein becomes fluorescent
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3.11 Protocols for cellular imaging

and is well-retained in the cytoplasm. The stain can be used to determine the cell

viability and morphology [52].

CM-Dil CM-Dil is a Dil (lipophilic carbocyanine) derivative. It is based on a thiol-
reactive chloromethyl moiety that allows the dye to covalently bind to cellular thiols.
Its lipophilic nature allows the dye to incorporate into cellular membranes. CM-Dil
is highly fluorescent when incorporated into membranes and is weakly fluorescent in
water [53].

HOECHST 33342 This nucleic acid stain (short HOECHST) intercalates in DNA.

It can be used to visualize the spatial chromatin organisation in the cell nucleus [54].

Drag5 Dragb is an anthraquinone intercalating in DNA. It can be used to visualize

the spatial chromatin organisation in the cell nucleus.

Glucose Transporter Glutl antibody The primary antibody binds to Glutl trans-
porters (integral membrane glycoproteins) in the cell membrane. It can be used to

visualize cellular Glut1 uptake at the cell membrane [55].

OxiSelect’" DNA Double Strand Break (DSB) Staining Kit In the vicinity of a
DNA double strand break (DSB) site, H2AX (a histone H2A variant) becomes specif-
ically phosphorylated at serine 139 (termed ~-H2AX) [56]. Phospho-histone-specific
primary antibody 100X binds to 7-H2AX. A secondary antibody containing the fluo-
rescent dye can bind to the primary antibody. The indirect labeling of the actual DSB

is very sensitive.

CellPlayer'" 96-Well Kinetic Caspase-3 /7 Apoptosis Assay The assay contains
DEVD-NucView488, an enzyme substrate for real-time detection of intracellular caspase-
3 (an apoptosis-related enzyme) activity [57]. The caspase-3 recognition motif (DEVD)
is bound to the nucleus-staining fluorogenic dye NucView488. This non-fluorescent sub-
strate is highly cell permeable and is cleaved by activated caspase-3 in the cytoplasm.
After cleavage, the released (still non-fluorescent) dye enters the nucleus and binds to
nucleic acids such as DNA. By intercalating in DNA, NucView488 becomes fluorescent.
It is retained in the cells due to its affinity to DNA.

3.11 Protocols for cellular imaging

For live cell labeling and immunofluorescence staining standard fixation and labeling

protocols for fluorescence microscopy were used. The protocols refer to a staining
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of A549 cells (except DEVD-NucView488/ Dragb used to stain A431 cells). For the
labeling procedure Cell-Fit-HDs were placed in wells of a 24 multiwell plate.

3.11.1 Live cell labeling

CM-Dil Cells were labeled CM-Dil at a concentration of 1.5ugl™! in 1ml DPBS
for 8 min at humidified atmosphere first and then for additional 15min at RT. After
labeling, cells were gently washed twice with DPBS. Finally the Cell-Fit-HD was placed

in fresh cell culture medium [9].

Calcein AM Prior to staining the cell layer was washed with DPBS. Cells were labeled
with 1072 molm™2 Calcein AM (diluted in culture medium). After incubation for
30min at RT, cells were gently washed with DPBS. The Cell-Fit-HD was placed in

fresh cell culture medium [9].

DEVD-NucView488/ Dragbd Immediately after irradiation the culture medium was
exchanged with a fresh one (3ml) containing 1M caspase-3 substrate and 1.2 uM
Dragb.

3.11.2 Immunofluorescence staining

HOECHST 33342 Cells were fixed with 4% PFA in PBS for 10 min at RT and were
incubated for 5min at RT in HOECHST 33342/ PBS solution (protected from light)
with a final concentration of 2 ugml™! and washed with PBS [9].

Glutl/ HOECHST 33342 Cells were fixed with 4% PFA in PBS (10 min at RT).
Cells were washed with PBS. After fixation, cells were permeabilized with 0.1% Triton
X-100 in PBS (10min at RT), washed with PBS, blocked in PBS containing 2% BSA
(30 min at RT), and washed with PBS. Glutl specific primary antibody was used in
a dilution of 1:200 in 1% BSA/ PBS (incubation: 1h at RT). After washing with
PBS containing 1% BSA secondary antibody Alexa Fluor 555 goat anti-mouse IgG
conjugate was used in dilution of 1:1000 in 1% BSA/ PBS (incubation: 1h at RT).
Cells were washed with PBS containing 1% BSA. For nuclear counter staining, cells
were incubated in HOECHST 33342/ PBS solution (5min at RT, final concentration:
2 ugml™!, protected from light) and washed with PBS [9].

v-H2AX/ HOECHST 33342 Cells were permeabilized with 0.5% Triton X-100 in
PBS (10 min at RT) and washed with PBS. Nonspecific binding was blocked by 0.1%
Triton X-100 and 2% BSA (30min at RT), and washed with PBS. Phospho-histone-
specific primary antibody 100X was used in a dilution of 1:100 in 1% BSA/ 0.02%
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3.12 Irradiation geometry of the Cell-Fit-HD

Triton-X100 (incubation: 1h at RT). After washing with PBS containing 1% BSA/
0.02% Triton-X100 secondary antibody Alexa Fluor 488 goat anti-mouse IgG conjugate
(final concentration: 2 ug ml™') in 1% BSA/ 0.02% Triton-X100/ PBS was incubated
for 45 min at RT. Cells were washed with PBS containing 1% BSA/ 0.02% Triton-X100.
For nuclear counter staining, cells were incubated in HOECHST 33342/ PBS solution
(5min at RT, final concentration: 2ugml™!, protected from light) and washed with
PBS [11].

3.12 Irradiation geometry of the Cell-Fit-HD

Irradiation geometry at HIT was chosen in a way that the beam propagation vector §
(parallel to the z axis in the beam coordinate system) and the k-axis of AlyO3:C,Mg
(parallel to the z axis in the FNTD coordinate system) span the polar angle 6 (Fig.
3.12.1A) [10]. The angle v = 90° — 0 was defined for practical purpose. It is the
angle between s and the xy plane in the coordinate system of the FNTD. The azimuth
angle ¢ was defined as the angle between the optical c-axis of the FNTD and e, ,, the
projection of the ion beam onto the exposed FNTD surface. The angle ¢ played only
a minor role for the irradiation setup.

The particle fluence ® was assessed by dividing the number of particles N detected in

an FNTD imaging plane by its corresponding area A:

® = N/A. (3.3)

3.13 Routine for ion track reconstruction in 3D

For reconstruction of the 3D ion trajectory in the Cell-Fit-HD the ion was assumed to
follow a straight line [10]. A line was justified by the high energies of the incident ions,
hence multi-coulomb scattering of the projectile in the crystal lattice is very small [13].
The routine was realized in Matlab.

In a first step the coordinates of the ion track centers were identified using the ap-
proaches iw centroid, rel thres, abs maz (section 4.2.3). The coordinates are used to
reconstruct the ion trajectory in the physical (FNTD) compartment. Due to statistical
variation in energy deposition and inhomogeneities of the color center density, only
uncertainties in the horizontal coordinates (x,y) of the ion track centers were taken
into account. Uncertainty in z by the high-precision z-piezo stage (in the nm range)
were neglected. The fitting procedure was split up into two separate linear regression

analysis (LRA) using least-square estimation [58] for the x- and y-coordinates of the
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Figure 3.12.1: Irradiation geometry of the Cell-Fit-HD at HIT and ion track reconstruction. (A)
The ions are traversing the detector under the angle 6 — the angle between direction of propagation
of the ions § and k-axis of the FNTD. The vectors E,E’,é’;&y and all angles refer to the coordinate
system of the FNTD; § refers to the beam coordinate system. The cell-coating is indicated by the
gray layer. (B) Splitting of fitting procedure into two separate linear regression analysis for the x-
and y-coordinate of the track spot centers (indicated by magenta crosses). Adapted from [10].

ion track centers respectively (Fig. 3.12.1B):

x(z) = ap+by-2 (3.4)
y(z) = ay+by-z (3.5)

The flight direction (parametrized by 6 and ¢) of the incident ions was determined by

o = 90°— . (3.6)
v = arctan[(tan"? o + tan"2 3) %] (3.7)

with tana = b, and tan 8 = b,. The angle ¢ was calculated by
¢ = arctan[tan(«)/ tan(S3)]. (3.8)

In a second step, the reconstructed ion tracks in the physical compartment was extrap-
olated into the biological compartment (cell layer). Besides the parameters Af, A¢
(95% confidence intervals gained by the LRA) accuracy of track reconstruction was
further expressed by the 95% prediction intervals PI, ; on future observation (z, o).
Future observations referred to locations of the ion track in different depths of the

cell layer. The confidence interval with Pl,, = [xg — a; — b, - 20, Yo — ay — by - 2] was
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calculated by

1 1
P[x = S-tn_2797.5'\/1+E+§(2’0—2)2 (39)
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and analog for PI, using y;,a, and b, in (3.10). The parameter n is the number of
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I

I
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ion track centers (with coordinates z;,y;, 2;) considered for the fit, and t,_2975 is the

97.5% quantile of the t-distribution with n — 2 degrees of freedom.

3.14 Correction for axial geometrical distortion

A negative (nyy = 1.51 > neen = 1.47 [31]) refractive index mismatch at the immersion
oil-cell layer boundary and a positive (nano0,:cmg = 1.76 > nee) mismatch at the
cell layer-FNTD boundary introduces spherical aberrations in the optical path of the
confocal imaging [10, 31, 32]. The refractive indices of the glass bottom dish and the
immersion oil were assumed to equal. To correct for the axial distortion of the focal
position resulting from the negative mismatch an improved linear correction method
for high NA lenses introduced in [59] was applied. The axial scaling factor (ASF) to

recalculate the nominal focal position z; in the cell layer was determined by:
ASF, = c1An/nyy; + co arctan(cgAn/ny;) (3.13)

with ¢; = 1.132, ¢5 = 0.0065, c3 = 100 and An = (neey — Noir). To account for the

positive mismatch the paraxial approximation
ASFy = na1,04:0,Mg/ Neell (3.14)

was applied. This approximation was used as n.aj,0,.c,1m4 €xceeds the range of mismatch
being considered for the improved linear correction method [59] and as it was previously

approved to approximate experimental results well [31].
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3.15 Routine for nucleus segmentation

The algorithm was used to isolate the total area covered by the cell nuclei in an image
acquired by the CLSM. The nuclei were labeled with Dragb (section 3.10). A separation

of all overlapping nuclei was not possible. The routine was realized in Matlab.

1.

24

The 2D input image A;, (16 bit depth, floating point data) is converted into a

grayscale image Ay, With pixel values in the interval [0; 1] (floating point data).

Agray
based on a manually defined threshold of 0.1.

is converted into a 2D binary image BW (0: background, 1: foreground),

. The binary image BWjyyeq is created by filling holes in BW. All background pixels

which are surrounded by foreground pixels and can therefore not be reached by
filling in the background from the edge of the image are converted into foreground

pixels.

. All foreground objects (an object is a set of connected foreground pixels) in

BWiiea with an area smaller than 600 pixels are erased.

. Dilation of the foreground objects in BWgpeq. All foreground pixels are superim-

posed by a 2D disc-shaped binary matrix H of radius 2 pixels. All background
pixels being overlapped by positioning the hot spot of H on the boundary fore-

ground pixels are set to 1.

. The binary image BWhsya is created by filling holes in BWjpeq (according to step

3). The resulting foreground objects account for the nuclei.



4 Experiments

The objective was to develop a FNTD-based hybrid detector (termed Cell-Fit-HD)
enabling 3D spatiotemporal correlation studies of cell damage with respect to the in-
tracellular ion traversal in clinical ion beams. The first milestone was to develop the
actual hybrid composite and to evaluate its potential application spectrum (4.1 En-
gineering Cell-Fit-HD). Experiments were carried out covering of the FNTD (the
physical compartment) with cell layers thus creating viable and uniform biological
compartments. A protocol was developed to image the color centers transformed by
the swift particles in the physical compartment and various fluorescent biomarkers
for identification of different cell structures in the biological compartment by the very
same CLSM. For a functional read-out, i.e. to achieve spatial correlation between sin-
gle ion hits in the cell coating and the biological response the ion traversals had to
be reconstructed in 3D using the depth information gained by the FNTD read-out.
Making use of the trajectory information provided by the FNTD the accuracy of 3D
track reconstruction of particles traversing the hybrid detector was investigated in the
second part (4.2 Ion track reconstruction in 3D). In a validation study the Cell-
Fit-HD was proved to be a radiobiological tool enabling accurate spatial correlation
between ion traversals and subsequent radiation damage on a subcellular level (4.3
DNA damage response to particle irradiation). Location and orientation of the
actual ion tracks extrapolated from the physical compartment were compared to their
corresponding biological surrogates in the cell layer. Besides the sole spatial correlation
it was of great interest to extend the colocalisation and directly correlate number and
quality of cell damaging events to microscopic beam parameters. It was investigated in
parallel whether it is principally possible to resolve the particle spectrum (e.g. in the
tumor volume) from the FNTD read-out signal (4.4 Resolving therapeutic particle
spectrum). To do so the possibility was studied to deduce from a single track spot
— the ion’s characteristic signature left in the detector after traversal — information
on ion typ and energy. By high resolution (STED) microscopy the diffraction-limited
read-out barrier was overcome. The track spot profile was compared to the profile of
a corresponding radial dose distribution (RDD) model. In a final experiment the Cell-
Fit-HD was utilized to correlate survival of individual cells to the energy deposition in
the nucleus by the impinging ions ( 4.5 Probing single cell fate after therapeutic

ion irradiation). In order to assess the spatial microscopic energy deposition distri-
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bution the microscopic physical parameters of each incident were extracted.

All experiments were carried out independently with different objectives. They are
therefore listed separately. However, data sub sets gained by a sequential read-out of
the Cell-Fit-HD could be used for several experiments, especially for sections 4.2 and
4.3. This is highlighted in Table 4.2.1 displaying the settings for the read-outs.
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4.1 Engineering Cell-Fit-HD

In a first step it was tested whether the FNTD provides a biocompatible surface for pro-
longed cell culture. To evaluate cell adherence, cell viability and conformal coverage,
different seeding densities and alternative coating with fibronectin (a component of the
extracellular matrix) were tested. It was evaluated whether autoclaving or prolonged
exposure to high humidity under standard culture growth conditions could affect the
chemical reactivity of the Al,O3:C,Mg surface. In a second step to test whether the
FNTD as a substrate interferes with standard fixation and staining procedures, the
biological compartment of the Cell-Fit-HD was labeled with a series of dyes. By using
various biomarkers viability, metabolism, and density of the cell coating was charac-
terised. In a third step an imaging protocol was developed to acquire 3D image stacks
of the physical and biological compartment sequentially by a single CLSM without
removing the cell layer at any time. It was tested whether technical limitations by the
CLSM interferes the hybrid detector read-out. It was tested whether the development
of the hybrid composite affects the signal quality of the sole FNTD read-out. It was
also tested whether the read-out of the physical compartment interferes with biological
compartment as well as its read-out quality and vice versa. The corresponding publi-
cation entitled “FEngineering cell-fluorescent ion track hybrid detectors” is enclosed in

the appendix C.

4.1.1 Creating the hybrid composite

The polished surface of the FNTD was coated with six different permanent human
and murine cell lines (of varying seeding densities, Table 4.1.1). Prior to the coating,
FNTDs were autoclaved and washed with DPBS. Pre-coated FNTDs were placed in a
bath-type sonicator for 15 min (by placing the detectors in DPBS-filled PCR tubes).
Before autoclaving the pre-coated detectors were washed with DPBS to remove any
solid left overs. For the coating each single FNTD was placed in a well of a 24 multiwell
plate and was covered with 0.5 ml cell-suspension. The cell-coated FN'TDs were kept in
humidified atmosphere until a confluent monolayer had developed. At regular intervals
the cell coating was monitored using a wide-field microscope equipped with phase
contrast filter (Axiovert 40C). The culture medium was changed the first time after
24 h and then in 48 h intervals. To test alternative covering, FNTDs were coated with
fibronectin (of varying concentrations, Table 4.1.1) and were incubated for 50 min in
humidified atmosphere. Afterwards they were gently washed twice with DPBS and

covered with cells. The cells were monitored for more than 120h (5d).
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Table 4.1.1: Cell coating of the FNTD. The polished surface of the FNTDs were coated with different
cell lines with and without a fibronectin intermediate layer. Each well of the multiwell plate contained
500 pl. Except SMA-560 (murine cell line) human cell lines were used. Adapted from [9)].

. Seeding density Fibronectin
Cell line [Liwell] [ng/ml]
10 000 25,5, 10, 20
SMA-560 150 000 25,5 10, 20
150 000 ]
10 000 25,5, 10, 20
us? 150 000 25,5, 10, 20
150 000 i
200 000 25
PC3 200 000 -
200 000 25
A431 200 000 i
50 000 :
A549 150 000 1,255
150 000 )

4.1.2 Cell labeling and immunofluorescence staining

In the following steps the focus was on A549 cells as they formed a uniform, viable,
tightly packed epithelial like monolayer. The biological compartment was labeled with
a series of dyes for live cell imaging and histochemical stainings for fluorescence mi-
croscopy. For the labeling and fixation standard protocols were used (section 3.11).
For single cell tracking and to test conformal coverage of the cell layer the biological
compartment was labeled with CM-Dil. To test cell viability and metabolism, the bio-
logical layer was labeled with Calcein AM. To visualize the cellular membranes as well
as to detect cell-cell adhesion and to monitor the cell density, Glutl/ HOECHST dual
stain was used. To monitor the density of the cell coating after irradiation the biolog-
ical compartment was fixed 15 min after irradiation and stained with HOECHST.
For the imaging, the corresponding microscopy settings are listed in Table 4.1.2. The
imaging parameters (CLSM: p, 7 and R) were adjusted to avoid photobleaching, pho-
totoxicity and any other hazard to the specimen. For imaging with Leica DM IL LED
the Cell-Fit-HDs were placed in a 24 multiwell plate. For imaging with the CLSM,

glass bottom culture dishes were used. Fluoromount-G™ was used as a mounting

medium for Glutl/HOECHST dual stain. For HOECHST single stain, PBS was used.
For live cell imaging (Calcein AM, CM-Dil) cell culture medium was used as mounting

medium.

4.1.3 Therapeutic ion irradiation

Perpendicular (§ = 0° + 5°) carbon ion (*2C°") irradiations of Cell-Fit-HD were per-
formed with the therapy beam at HIT (section 3.12 and Fig. 4.1.1). The ion beam

2

fluence was adjusted to 1.5-10° cm™2 using controls of the treatment system. This
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Table 4.1.2: Fluorescent dyes and the microscopy settings used. The detection window for Calcein
AM could in principle be narrowed around the emission peak at 513nm. As Calcein AM was the
single dye detected, no potential spectral overlap with other dyes was possible.

Dye Microscope Excitation Emission Detection

. Leica DM IL LED )
CM-Dil (10x/ 63X) Mercury lamp CY3 green filter | CCD camera
Calcein AM LSM 710 (63x oil) 488 nm laser line | MBS 488 nm PMT: 493-617 nm
HOECHST LSM 710 (63x ail) 405 nm laser line | MBS 405 nm PMT: 410-550 nm
Glutl/ . 561 nm/ 405 nm MBS 458/561, PMT: 566-697 nm /
HOECHsT | WSM710(40x0l) | gy jine MBS 405 nm 410-550 nm

results in an average of 1.3 hits per nucleus (all nuclei were assumed to be of equivalent
size with an area of 10 x 10 um?). A 12 x 12cm? field was irradiated homogeneously
using raster scanning with a pencil beam of 10.1 mm in diameter (FWHM) and a dis-
tance of 2 mm between two raster spots. Approximately 60,000 particles were delivered
in each spot. The Bragg peak was extended by using a 3mm Ripple filter. The cell
layer was placed in the rising flank of the Bragg peak with a corresponding energy
of 52MeV u~! (initial carbon ion energy of 270.5 MeV u™!, corresponding equivalent
range in water rg,o0 = 13.70cm) [24]. As stopping material 11.30 cm of PMMA with
rp,0= 13.16 cm was placed in front of a 24 multiwell plate containing the cell-coated
FNTDs. The horizontal-aligned ion beam in the quality assurance room required a
vertical positioning of the multiwell plate for irradiation under § = 0°. The FNTDs
were 0.5 mm thick with equivalent range in water ry,o= 1.65 mm. The back side of the
FNTDs without cell coating were facing the incident beam and were attached to the
bottom (polystyrene with rg,o= 1.2 mm) of the multiwell plate by agarose droplets.
The air gap between the culture well and the PMMA was not considered in the total
rp,0- In order to keep the cell coating viable during irradiation the wells were filled
with cell culture medium. The total amount of materials in front of the isocenter (vac-
uum exit window, beam application monitoring system, air) corresponds to a ry,o of
2.89 mm.

To compute the ry,o of a material, the corresponding water equivalent path length
(WEPL) value was multiplied by the thickness of the material. The WEPL value for
PMMA (1.165) was taken from [60], the values for Al,O3:C,Mg (3.29) and polystyrene

(1.04) were gained according to personal communication (Christoph Tremmel).

4.1.4 Sequential read-out protocol

After irradiation the hybrid detector was placed in a well of a 24 multiwell plate and the
biological compartment was fixed and stained for HOECHST 15 min after irradiation
without removing the cell layer from the FNTD (section 3.11.2).

The Cell-Fit-HD was mounted in a glass bottom culture dish, filled with PBS. The
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Stopping material Agarose droplet

! / Sealing /
Incident carbon ion beam |

\ Cell layer
IAir gap + bleam application systemI Air gap |
I T T T =| >
PMMA Polystyrene FNTD
Dimension [mm]: 13 1.2 05
Range in water [nm]: 2.89 131.6 1.2 1.65

Figure 4.1.1: Irradiation setup at HIT. The Cell-Fit-HD was irradiated perpendicular (6 = 0°) to the
incident therapeutic carbon ion beam. The cell layer was placed in the rising flank of the Bragg-peak
as schematically indicated by the yellow line. Only a single well of a multiwell plate is shown. The
FNTD is attached by agarose droplets to the polystyrene bottom of the multiwell plate. The well
is filled with culture medium to keep the cells viable during irradiation. It is sealed with Parafilm
M®. The air gap between the PMMA block and the multiwell plate is neglected as the corresponding
energy loss is very small. The range in water (rg,o) of all elements in the beam path (position and
fluence monitors) between exit window of the beam line and isocenter of the incident ion beam is
2.89mm. Insert: Angular irradiation (§ = 60°, v = 90° — 6) with adapted irradiation setup and
adapted geometrical dimensions. Adapted from [9].
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4.1 Engineering Cell-Fit-HD

biological and the physical compartment were imaged in-situ in two consecutive steps
by the very same CLSM (Fig. 4.1.2). The cell layer remained on the FNTD and no
post-chemical processing of the FNTD was necessary. The CLSM was equipped with
the 63x oil objective and was operated in APD photon-counting for the FNTD and in
PMT detection mode for the cell layer read-out. T-PMT detection was used in parallel
in both read-outs. The detector pinhole aperture was set to 1 AU.

In the first step, the physical compartment was scanned by the 633 nm Helium Neon
laser line (100% transmission). The MBS 488/561/633 nm and the 655nm long-pass
detection filter were placed in the optical path. In a second step, the cell layer was
imaged with a 405 nm diode laser line (4.0% transmission) for HOECHST. The MBS
405 nm was used and the PMT detection window was limited to 410 nm - 495 nm. For
the FNTD and cell layer acquisition, R and 7 were set to 4 and 2.80 us, respectively
(Table 4.2.1).

In both read-outs, the size of the imaging field was 134.784 x 134.784 yum? with a total
number of 1152 x 1152 pixels and a pixel size of 0.117 x 0.117 ym? (estimated according
to Rayleigh criterion). The acquired FNTD image stack was adjusted to cover an axial
range of about 120 ym (measured from the detector surface) with a z-interval (ﬁ\z)
of 3 um. The acquired cell layer stack covered a range of approximately 10 pm (Kz:

0.3 pm). The FNTD image stack was extended into the cell layer and vice versa.

FNTD

FNTD

AmE - < e

Figure 4.1.2: Sequential read-out of the Cell-Fit-HD. The imaging is first performed on the physical
(FNTD) and after that on the biological compartment (cell layer). The optical sectioning (determined
by Az) of the biological and physical compartment is indicated by the striped arrows. Taken from [9].
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4.2 lon track reconstruction in 3D

In this study FNTD signals were analysed after perpendicular (# = 0°) and angular
(0 = 60°) carbon ion irradiation of the Cell-Fit-HD. The depth information gained by
the FNTD read-out was then used to reconstruct the ion track in the physical and
to extrapolate it into the biological compartment. Correction for axial geometrical
distortion arising from refractive index mismatches in the optical imaging path was
introduced. The potency of acquiring 3D information on energy deposition und an-
gular irradiation was reported in [61]. The corresponding publication entitled “lon
track reconstruction in 3D using alumina-based fluorescent nuclear track detectors” is

enclosed in the appendix D.

4.2.1 Creating Cell-Fit-HD and irradiation setup

Cell-Fit-HDs were created by covering FNTDs with a confluent A549 monolayer (plat-
ing density: 100 000ml™!, 0.5 ml per well) with the protocol described in section 4.1.1.
15 minutes after carbon ion irradiation the cells (remaining on the FNTD) were fixed
and stained with HOECHST (section 4.1.2).

Irradiations were performed under 6 of 0° 4+ 5° and 60° 4 5° (Insert, Fig. 4.1.1). The
irradiation setup under # = 0° is described in section 4.1.3. Under 8 = 60°, 11.05cm
of PMMA absorber with a corresponding rpy,o= 12.87cm was placed in front of the
multiwell plate. In addition, the multiwell plate was placed at an angle of v = 30° +5°
towards the incident ion beam. The different PMMA thickness compared to 8 = 0°
results from the different thickness of the bottom of the multiwell plate (polystyrene,
0 = 0% rp,o= 1.2pum, 0 = 60°: rg,o= 2.5um) and of the FNTD (6 = 0% ry,0=
1.65mm, 6 = 60°: rg,0= 3.29mm).

4.2.2 Confocal read-out

Irradiated Cell-Fit-HDs were mounted in glass bottom culture dishes (filled with PBS)
and were read-out with the protocol described in section 4.1.4. The CLSM was
equipped with the 63x oil objective. Important acquisition parameters for the physical

and biological compartment are listed in Table 4.2.1.

4.2.3 lon track center detection

For the subsequent image processing the acquired raw images (without background-
correction) were converted into floating point data (with pixel values in the interval
[0;1]). A routine in Matlab was developed to a) detect the ion track centers in all
selected planes of the recorded image stack and to b) reconstruct the ion track in
the Cell-Fit-HD based on the positions of the identified centers (section 3.13). Three
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4.2 Ion track reconstruction in 3D

Table 4.2.1: Tmage acquisition parameters for all sequential read-outs of the physical (FNTD) and
the biological (cell layer) compartment. Experiment-ID: section 4.1 (A), section 4.2 (B), section 4.3
(C) and section 4.5 (D). Partly the data (especially for the physical compartment) gained by a single
sequential read-out could be used for different experiments (A,B,C). However, each experiment had
a different objective. #: number of planes of an image stack. (*) The data set is displayed for
completeness but not described in the text (B: Fig. 1B)
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4 Experiments

different approaches to detect the center of the track spots and the resulting accuracy

in track reconstruction were compared:

(A) Detection of intensity-weighted centroids applying a global threshold (iw cen-
troid):
all pixels within a region of interest (ROI) with values greater than a manu-
ally defined global threshold of 0.4 were considered for the calculation of the

intensity-weighted centroid.

(B) Detection of intensity-weighted centroids applying a dynamic threshold (rel thres):

the threshold was set to 2/3 of the maximum pixel value within an ROI.

(C) Detection of the absolute intensity maximum (abs max):
the pixel with the maximum value within the ROI was considered as the track

spot center.

The ROI was defined as a window limited to 30 x 30 pixels for perpendicular and 120
x 30 pixels for angular irradiation.

Firstly, in a manually selected first and last imaging plane (i s, 4as¢) Of an acquired
image stack, threshold-based image segmentation of an ROI (with the above defined di-
mension and centered at the expected ion track spots) was applied. A global threshold
of 0.4 showed best suitability. A calculation of the intensity-weighted centroids ac-
counting for the coordinates of the temporary first and last ion track centers Z f;.s; and
T1qst Was applied. In the following steps, the ROI in the imaging plane ¢ (i = @ fipst...4ast)
was centered at the position of the connecting line m in 7. The coordinates of
the ion track centers were identified by using the above described approaches (iw cen-
troid, rel thres, abs max). Each ROI contained only a single track spot (z,y);. Due to
possible § electron tracks sprouting from a track spot each ROI could contain several
local intensity maxima dividing it into several sub-areas. The largest area was isolated
and considered to account for the track core (a halo of secondary electrons around the
center of a track spot, Fig. 5.2.1). The smaller areas mainly arise from dense energy
depositions induced by strongly scattered ¢ electrons having enough energy to leave

the ion track core.

4.2.4 Quantifying accuracy of ion track reconstruction

Accuracy of ion track reconstruction in 3D was quantified by the parameters A8, A¢
(95% confidence intervals gained by the LRA) and by the 95% prediction interval PIy
of the extrapolated track location in the cell layer (section 3.13).

20 tracks each for angular and perpendicular irradiated Cell-Fit-HDs were recon-

structed in the physical and were extrapolated (with depth increments of 0.1 ym) into
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4.2 Ion track reconstruction in 3D

the biological compartment of constant thickness of 10 um. Next to the different de-
tection approaches (iw centroid, rel thres, abs maz, above), the total number n of track
spots considered for a single fit and the distance in z between two neighboring track

spots (Az) were varied to study their impact on accuracy of track reconstruction:
1. Az= 3 um, n= 21 track spots
2. Az= 6 um, n= 11 track spots
3. Az= 15 pym, n= 5 track spots

A maximum n of 21 was chosen which corresponds to a 60 ym fitting range in z. This is
the range allowing to track a traversing ion within a single imaging field (135 x 135 ym?)
under angular irradiation. For greater ranges, the imaging field has to be moved, i.e.
tile scans have to be performed. In this study all extrapolations into the biological
layer were assumed to start at a same depth of 3 um below the FNTD surface. The
position of the surface in z was determined by the intensity of the HOECHST signal.
It disappears at the cell-FNTD boundary. Simultaneously, the background signal in
the HOECHST channel is increasing at the transition into the physical compartment
as excitation by 405nm causes a photoionization of the pristine F3"(2Mg) aggregate
defects located beneath the FNTD surface.

4.2.5 Correction for axial geometrical distortion

The refractive index mismatch occurring in the optical imaging path was compensated
by introducing axial scaling factors (ASFs, section 3.14). The actual position z,. of
the focal point in z (origin is at the well bottom of the glass bottom culture dish) in

the physical compartment was calculated by
Zaet(2) = ASFy - 21 + ASFy - 2. (4.1)

The parameters ASF; and ASF; account for the immersion oil-cell layer and cell layer-
FENTD interfaces. The parameter z; is the nominal thickness of the cell layer (distance
between the well bottom of the glass bottom culture dish and the detector surface)
and z is the nominal position in the FNTD (measured from the detector surface). The
aqueous medium between dish bottom and cells was neglected in the correction for
axial distortion.

Uncertainty As in the position of the surface s translates directly into the error Z,.

and & (error of the location of the track in the horizontal):

Zact(2, AS) = Zaet(2) £ Zact(AS) = z4e(2) £ (ASF) — ASFy)As (4.2)
z(0,As) = (ASF, — ASFy)As/tan(90° — ) (4.3)
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starting from
Zat(2) = ASFi(s — 01) + ASF, [(A — 1)Az — (s — 03) (4.4)

and defining z := (7 — 1)Az as a function of the actual plane number 7 of the acquired
image stack and the interval between two consecutive image planes Az. The parameters

01 and o0, are the respective positions in z of the first imaging plane of the cell and of
the FNTD image stack.
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4.3 DNA damage response to particle irradiation
4.3 DNA damage response to particle irradiation

To prove spatial correlation between particle traversal and subcellular response by
the Cell-Fit-HD, biomarkers labeling radiation-induced y-H2AX foci (RIF) at DSB
sites in the cell layer were used (section 3.10). The RIFs form a distinct pattern
along the ion trajectory hence creating a surrogate for the ions’ flight paths in the
cell layer. The corresponding publication entitled “Subcellular Spatial Correlation of
Particle Traversal and Biological Response in Clinical Ion Beams” is enclosed in the

appendix E.

4.3.1 Design of validation study

Based on the initial experiments under perpendicular irradiation (not described here,

see B: Fig. 1B) the validation study was designed to prove spatial correlation with
a) a minimal probability of coincidental correlation (i.e. false-positive events) at
b) a worst accuracy in ion track reconstruction from a physical-mathematical aspect.

Angular irradiation creating prolonged RIF sequences along a particle track [62] was
applied meeting above-named side-conditions (Fig. 4.3.1A). Under perpendicular irra-
diation sequences with a minimum number of distinct RIFs (due to a short path length
in the nucleus) would give rise to coincidental correlation. A RIF sequence was further
defined to comprise at minimum three distinct 7-H2AX foci. Such signature allows for
a robust study of high specificity and lowers the probability of coincidental correlation
as not all foci necessarily account for irradiation induced DSBs [63, 64]. To analyse the
3D geometry of the RIF sequences, the feet of the perpendicular (FOPs: intersection of

the ion track with the perpendicular of the corresponding 7-H2AX foci) were assessed.

4.3.2 Creating Cell-Fit-HD and particle irradiation

Cell-Fit-HDs were created by covering FNTDs with a confluent A549 monolayer (plat-
ing density: 50 000 ml~*, 0.5 ml per well) with the protocol described in section 4.1.1.
The Cell-Fit-HDs were kept in humidified atmosphere until the confluent monolayer
had developed after 48h. The cellular compartment of Cell-Fit-HD was fixed 15 min
after irradiation and stained for -H2AX and HOECHST (section 3.11.2).

Cell-Fit-HDs were irradiated angularly (6 ~ 60°) with carbon ions (initial 270.55 MeV u™!,
rising flank of the Bragg peak, rg,0 = 13.70cm). The irradiation setup (Insert, Fig.

4.1.1) and the beam parameters are described in sections 3.12 and 4.2.1.
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RIF sequence

Incident ion beam

Figure 4.3.1: Cellular response to angular ion irradiation. (A) RIF (i.e. v-H2AX foci) sequences
create a surrogate for the ions’ flight paths in the cell nuclei. False-negative (a) and false-positive
(b) events are at equilibrium in the ion hit statistics. (B) A superposition of a maximum intensity
z-projection (cell nuclei blue, v-H2AX foci green) of cellular response data with an imaging plane of
the acquired FNTD stack proximate to the detector surface is shown. The arrows connect the track
spots of the corresponding ion tracks to the radiation-induced v-H2AX foci sequences. Only a section
of the total imaging field is shown. Inset: Elongated track spot under angular irradiation. Scale bar,
5 um. Adapted from [11].

4.3.3 Confocal read-out

For the sequential read-out of the Cell-Fit-HD the CLSM was equipped with the 63x
oil objective. The protocol for the sequential read-out is described in section 4.1.4. The
imaging parameters for the physical (FNTD) and biological (HOECHST and 7-H2AX
labeling) compartment of the angular irradiated Cell-Fit-HDs are listed int Table 4.2.1.
To increase the imaging field, 2x2 adjacent images (a tile scan) were taken. The glass
bottom culture dish was filled with PBS.

4.3.4 lon track reconstruction in 3D

Ion traversals corresponding to a RIF sequence (with minimum of three 7-H2AX foci)
were reconstructed using the FNTD read-out signals and were extrapolated into the
biological compartment (Fig. 4.3.1B). Methods and routines used for the detection
of the ion track centers, reconstruction (Az= 3 pum) and extrapolation are described
in sections 3.13, 4.2 and 6.2.5. Detection of intensity-weighted track spot centroids
(iw centroid) was applied with a global threshold of 0.4 (with pixel values in the
interval [0;1]). For less intense track spots the threshold was adapted to 0.3 and 0.2.
Intersecting ion trajectories hindered partly an automated detection of the track spot
centers. The dimension of the ROI containing the expected track spot (section 4.2.3)
had to be adapted in order not to falsify the actual coordinates of the centroids by an
overlapping neighboring track spot. A background correction was not applied for the
track reconstruction.

To account for systematic errors in the ion track reconstruction, the uncertainty As in

the position of the FNTD surface in z was assumed to be 1 um. Further, small-scale
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4.3 DNA damage response to particle irradiation

scratches and digs in the polished detector surface (section 3.2) were neglected and
the position of the surface in z was assumed to be constant. Concerning correction of
axial geometrical distortion the thickness of the cell layer was assumed to be constant
(sections 3.14 and 4.2.5).

4.3.5 lon hit statistics

For the ion hit statistics of the biological compartment (but not for the actual validation
study), a hit was counted if the track center at the FNTD-cell boundary falls into the
maximum intensity projection of the nucleus (HOECHST signal). All ion tracks were
assumed to have the same orientation, parameterized by 6;,, and ¢;,,. Due to the fact
that the majority of tracks had the same orientation false positive and false negative

were at equilibrium (Fig. 4.3.1A). The number of such hits was multiplied by
A JA, (4.5)

to calculate the total number of cellular hits. The parameters A, and A,, are the mean
area of cell and of nucleus evaluated by the HOCHEST signal. All cells in the imaging
field were taken into account, i.e. also cells being partially located in the imaging field.
For the validation study however the hits per nucleus were assessed by a track recon-
struction of the corresponding ions traversing the 3D nucleus body. The nucleus body
was gained by a 3D reconstruction of the HOECHST data.

To categorize the ion traversals by carbon ions and by lighter fragments the background
subtractor was applied on the FNTD image stack with a sliding window of a length
of 80 pixels (section 3.7). In the imaging plane proximate to the detector surface (ap-
proximately 10 ym in depth) each track spot was masked by a rectangle of dimensions
Ax-Ay = 20-100 pixels. The sizee of the rectangle proved to be best suitable to
include the whole ellipsoidal track spot (Insert, Fig. 4.3.1B) and to minimize adjacent
background. The detected intensity values N in the rectangle were converted into the
count rate 7Mgeruar (Eqs. 3.1 and 3.2) and were summed. The saturation rate ny, was
16.2 MHz.
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4.4 Resolving therapeutic particle spectrum

To resolve the incident particle spectrum in a target volume, information on type and
energy of the single ions are irremissible. Both parameters can not be assessed directly
from the FNTD read-out signals. It was therefore aimed to find surrogates for the
LET and the maximum secondary electron range (7,,4.) being related to ion type and
energy. The correlation between the fluorescence track amplitude and the LET has
already been investigated in other studies but using a different confocal microscope for
the FNTD read-out [38]. Despite the explicit interest in clinically relevant ion types
and energies the spectrum was extended to particles of higher atomic number (7 >
12). Amongst others they are released by the interaction of cosmic radiation with
spacecraft shielding hence being a severe threat in manned space mission.

In a first step the confocal read-out data was investigated. In a second step nanoscopic
microscopy (STED) was employed to reduce the impact of the PSF on the read-out
signals. It was investigated whether it is possible to resolve the minimal feature in
a track spot by STED microscopy. It was also investigated whether it is principally
possible to resolve the radial dose distribution (RDD) of the swift ions in Al,O3:C,Mg.
The corresponding publication entitled “Spatial correlation between traversal and cel-
lular response in ion radiotherapy - Towards single track spectroscopy” is enclosed in

the appendix A.

4.4.1 Range of ion types and energies

For a reference data set FNTDs were irradiated with a broad range of ions and energies
(Table 4.4.1). Unless explicitly stated irradiations were performed during the Master’s
thesis by Julia Osinga at HIT, at RADiation Effects Facility RADEF at the University
of Jyvaeskylae, Finland, at SNAKE, Maier-Leibnitz-Laboratorium, Munich, Germany,
and at the Max Planck Institute for Nuclear Physics in Heidelberg, Germany [42].
To ensure mono-energetic particles all FNTDs were placed in the entrance channel,
perpendicularly towards the incident ion beam (f = 0°). Despite termed LET here,
actually the stopping power S (also termed LET,, section 2.3) in AlyO3 was calculated.

4.4.2 Confocal read-out

Image stacks of the FNTDs were acquired with the CLSM, equipped with the 63x oil
objective. The imaging parameters (MBS 488/561/633 nm, APD detection: > 655 nm,
detection pinhole: 1 AU) used were equivalent to the parameters used for the sequential
read-outs (Table 4.2.1). The detected fluorescence signal was converted into the actual
count rate Ngepuar (section 3.3.3). The scanning parameters (p= 86%, 7= 89.6 us, R=

4) were adjusted to avoid detection saturation effects for lighter ions (H-1 and C-
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4.4 Resolving therapeutic particle spectrum

Table 4.4.1: Particle spectrum for FNTD irradiation including parameters for image acquisition and
image processing. Parameters of the particle tracker refer to radius (pixel), cut-off and percentile (%).
The LET (strictly S) and maximum secondary electron range (pqz) values refer to Al;O3 and were
calculated using libamtrack [24]. (*) Irradiation was performed in vacuum. Gray shading: additional
read-out by STED microscopy.

I Pixel ]

lon type [Ele\f“’uyl] [ke\L/EuTm'l] [Lmr;x] [DF/)O] Tl | R [:S:%Zez [f:%é] D[ﬁ’rjnt]h Ft’:ia{ct:(c-;f
o 3.00 34.64 0.08 3| 3| 02
o 6.00 20.79 0.26 3| 3| 02
Tt 12.00 12.27 0.86 30 3 3 0.2
o 21.00 7.90 2.23 3 | 3| 02
= 49.37 4.00 9.53 3 | 3| 02
s 4.00 951.80 0.13 3 3 0.2
e 91.14 90.23 27.02 3 3 0.2
12ce 114.60 76.92 39.88 3 3 | 001

30
2cH 152.05 62.68 64.50 3 3 | 001
s | oo | o | x| O

2cH 224.81 48.59 125.39 3 3 0.2
el 428.77 34.42 375.80 3 3 0.2
Mgt * 4.00 3203.60 0.13 3 3 0.2
32g9" * 3.13 5524.17 0.09 3 3 0.1
Fpelst * 5.19 9457.75 0.21 3 3 | 0.09
PRl * 9.30 7517.21 0.56 10 3 3 | 0.09
B r22* * 9.40 12337.28 0.56 3 3 0.3
181 e¥r * 5.50 24246.50 0.23 6 3 0.3
B Ca 9.30 21687.85 0.56 6 3 0.2

12). Heavier ions (Mg-24, S-32, Fe-56, Kr-84, Xe-131) were added subsequently to the
reference data set. The imaging parameters were retained to ensure a comparability
of all acquired data. To maximize the fluorescence intensity signal the FNTDs were
mounted in glass bottom culture dishes accordingly (section 3.2). The read-out depth
was adjusted to approximately 30 um, measured from the detector surface. For incident
ions stopping in the FNTD the read-out depth had to be limited to 10 gm (marked in
Table 4.4.1).
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4.4.3 Parameterization of the intensity profile of a track spot

It was tested whether the maximum intensity signal of a track spot and its FWHM are
possible measures for the LET and 7,,,,. To correct for the inhomogeneous large-scale
background (i.e. greater than the actual track spot) the background subtractor was
applied on the FNTD image stack with a sliding window of length 15 pixels (showed
best suitability). The track spots were detected using the particle tracker (section 3.7)
with the parameters listed in Table 4.4.1. To define an ROI each identified track spot
was masked by a disc of radius ry with 5 < ry < 20 pixels. To exclude incomplete
(i.e. at the margin of the imaging field) or overlapping track spots, the area of the ROI
had to be in the interval [0.95 - r27; 1.3 - r27|. The intensity profile of a track spot was
parametrized by its global intensity maximum and its FWHM. Both parameters were

assessed by either
a) direct measurements or
b) by fitting a 2D symmetrical Gaussian function.

In the first approach the FWHM of the track spot was computed by

FWHM = \/4Apy /7. (4.6)

It is the diameter of a disc with the area Apy of all pixels with a count rate n > 0.5-79

(7: maximum count rate). The 2D Gaussian fit, second approach,
77(377 Y, A> g, B) = A/(27T0—2) ’ eXp(_O‘5/O—2((ZE - IO)z + (y - yO)Q)) + B (47)

with the peak value A = A/(2m0?) had the advantage of directly assessing and con-
sidering constant small-scale background B still present in the ROI. FWHM and o are
related by FWHM = 2v/2In2-0.

For each particle irradiation approximately 100 - 200 track spots were analyzed.

4.4.4 Characterisation by STED microscopy

Irradiated FNTDs (gray-shaded in Table 4.4.1) were read out by a home-built STED
microscopy [45]. Due to circularly-polarized excitation laser light a corresponding
mounting of the FNTD to maximize the fluorescence intensity signal could be ne-
glected. The read-out depth was adjusted to approximately 10pum (except C-12,
224.81 MeV u™!: 40 um) measured from the detector surface.

In a first step, the correlation between the FWHM Azy,c.s (and hence the resolution,
Eq. 2.10) of the track spots (H-1, 49.37 MeVu~! and C-12, 224.81 MeV u™') and the
intensity I of the STED laser was investigated. The parameter Ax,..s Was obtained by
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4.4 Resolving therapeutic particle spectrum

a 2D Gaussian fit (built-in function in the microscope control software) of the STED
raw data.

The data points of Axy,e.s Were fitted by

Ammeas = \/Amgct_'_Axl%SF (48)
A

/BQnSina\/l +1/1s

with the fit parameters Ax,.; the actual feature size, a scaling factor 8, and the sat-

Azpgp (4.9)

uration intensity Is (section 2.5.2) [45]. Equation 4.8 describes the recorded intensity
profile. It is a convolution of the actual Gaussian-shaped intensity profile of FWHM
Ax, with a Gaussian-shaped focal spot of FWHM Azpgr.

In a second step, the extracted PSF (Azpgr) was convoluted with the RDD in Al,O3
using the Scholz model (Fig. 2.4.1C) [24, 28]. The FWHM Az peas Was compared with
the FWHM of a track spot obtained by the convolution in order to draw conclusions
on the radius of the central plateau in the RDD.

For irradiated FNTDs with corresponding doses > 50 Gy, photon-dose response cor-
rection was applied, to account for the saturation in color center transformation (Fig.
A1). Below 50 Gy linear scaling was assumed.

All corresponding confocal images were recorded with the STED microscopy in confocal
mode by switching off the STED laser.
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4 Experiments

4.5 Probing single cell fate after therapeutic ion

irradiation

The focus in this study was on the functional read-out of the Cell-Fit-HD. Apoptotic cell
death kinetics indicated by caspase-3/7 activity in the cell was related to the physical
energy deposition in the nucleus as well as to biological constraints (cell density). For
this purpose the survival time of each cell and the corresponding apoptotic index,
defined as the number of caspase-3/7 positive objects divided by the total number of
observed cells were determined.

4.5.1 Creating Cell-Fit-HD

FNTDs were placed in single wells of a 24 multi-well plate and the polished surface
was covered with A431 cells (plating density of 10° ml~!, 0.5ml per well) as described
in section 4.1.1. The Cell-Fit-HDs were kept in humidified atmosphere for 24 h. After

24 h the cell culture medium was exchanged.

4.5.2 Irradiation and apoptosis assay

Cell-Fit-HDs were irradiated perpendicularly (6 = 0°) with carbon ions (of initial
270.55 MeV u~!). The biological compartment was placed in the rising flank of the
Bragg-peak of corresponding 35.95 MeV u™! (rg,0= 14.09 cm, dose in water= 0.94 Gy
[24]). The irradiation setup is described in section 4.1.3. The fluence was adjusted
to 10" cm~? and the irradiation field was limited to 8 x 8cm?. 11.6 cm of PMMA
(rm,0 = 13.51cm) was placed as stopping material in front of the Cell-Fit-HD (Fig.
4.1.1).

Immediately after irradiation, actual irradiated and sham irradiated (i.e. positive con-
trol) Cell-Fit-HDs were placed in a single glass bottom culture dish and stained with
DEVD-NucView488/ Dragb (section 3.11.1).

4.5.3 Time-lapse imaging

The Cell-Fit-HDs were imaged sequentially using the CLSM (section 4.1.4) with the
parameters listed in Table 4.2.1. The irradiated Cell-Fit-HD and the positive control
were placed in a single glass bottom culture dish (filled with culture medium). The
hybrid detectors were mounted accordingly to maximize the fluorescence intensity sig-
nal (section 3.2).

Live-imaging started 1 h after irradiation. Initially, the physical compartment was read
out. A single imaging plane at 30 um depth (according to section 4.4.2) with respect

to the FNTD surface was acquired in a high cell density area (hD area). Time series of
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4.5 Probing single cell fate after therapeutic ion irradiation

the hD area and a single area in the positive control (pC) were subsequently recorded.
The total lapse of time was approximately 19h with an interval At of approximately
45 min, i.e. the interval between the acquisition starts of two consecutive time points
(in total 25 time points). The actual irradiation was defined as time point 0. Within
a time point, the hD area and the pC were imaged sequentially. In the last time
point additional position in the biological compartment of less cell density (1D area)
was imaged including the corresponding imaging plane at 30 um depth in the physical
compartment. For this position, the acquisition parameters remained the same (except
for the recorded image stack comprising 9 imaging planes).

Imaging was done under humidified atmosphere (37°C, 5% COy). The incubation

chamber of the microscope was started to heat 4 h prior to the imaging.

4.5.4 Image processing

Physical compartment In a first step, the particle tracker (radius= 3 pixels, cut-off=
0, percentile= 2%) was applied on the raw image data to identify the positions of the
ion track centers. In a second step, the background subtractor with a sliding window
of length 16 pixels (according to section 4.4.3) was applied on the raw image data. The
corrected fluorescence signal was converted into the actual count rate (section 3.3.3).
To define an ROI in the corrected imaging plane, each track spot center was masked
with a rectangle of dimensions Axz-Ay = 5.5 pixels. The maximum intensity was
assessed in each ROI. The corresponding coordinates of the track spot center (floating

point numbers) were rounded to integers for further image processing purposes.

Biological compartment Image segmentation of the maximum intensity z projec-
tion of the Dragb channel (time point 1) was carried out to identify all cell nuclei.
Overlapping cells hindered a clear separation by automatic segmentation (algorithm is
displayed in section 3.15). Semi-automatic processing. i.e. defining the nucleus margin
manually, was therefore carried out to allow an isolation of each nucleus (in total five
different binary masks). The binary masks (0: background, 1: nucleus area) were pro-
jected onto the maximum intensity z projection of the NucView488 (i.e. caspase-3/7)
channel at each time point. Depending on the position of the cell nucleus in depth
only the corresponding imaging planes of the NucView488 channel were used for the

maximum intensity z projection.

4.5.5 lon hit statistics

Instead of track extrapolation (section 4.2) and intersection with the nucleus body a
simpler approach was used. The ion track center coordinates were projected onto the

coordinate system of the biological compartment. This should however approximate the

45



4 Experiments

actual nuclei hit distribution by ions with 6 # 0° well. Using high fluences (10" cm™2)
actual false-positive and false-negative nucleus traversals with # # 0° should be at
equilibrium.

The local LET was defined as the mean LET per nucleus. It is the arithmetic mean of
all occurring LET values within a nucleus area. The 2D nucleus area was defined by the
corresponding binary mask. To assess the LET of the penetrating ions registered, the
mean maximum count rate of the track spots per nucleus was calculated and converted
into the LET,, (Eq. 6.1). The parameter LET, is abbreviated by LET. The local
fluence was defined as the number of direct nuclei hits per nucleus area. The local dose
(i.e dose per nucleus) was calculated using Equation 2.4. The absolute value of LET,
is equivalent to the stopping power S. For the density, water was assumed. The dose

was assumed to be constant within a nucleus.

4.5.6 Survival analysis

According to the median of the assessed quantities parametrizing the energy deposition
in the nucleus, the cells in the hD area were grouped. The following quantities were
considered: number of hits per nucleus, LET, fluence as well as dose in the nucleus.
According to the mean LET per nucleus and using the histogram-based threshold (Fig.
5.5.3A) all cells were categorized whether the nucleus was primarily hit by carbon ions
or lighter fragments. The apoptotic index was computed for each group and for each
time point. If the caspase-3/7 signal of an individual cell exceeded a certain threshold
it was defined to be apoptotic.

A log-rank test was performed to compare the survival distributions over time for
the sub-sets of a group (Kaplan Meier curves). Survival was defined as (1 - apoptotic
index). Cells, still non-apoptotic in the last imaging time point were censored. The null
hypothesis was defined as “No difference between the survival curves of the sub-sets,
1.e. the sub-sets exhibit the same probability to undergo radiation-induced apoptosis.”.
A 5% level of significance was assumed. For the survival analysis all cells were assumed

to be non-apoptotic (apoptotic index= 0) at the time of irradiation (time point 0).
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5.1 Engineering Cell-Fit-HD

5.1.1 Creating the hybrid composite

The FNTD provides a biocompatible surface. By varying plating density, fibronectin
concentration as well as incubation time under humidified atmosphere all human and
murine cell lines were able to form a viable and stable cell layer (i.e. the biological com-
partment) on the polished surface of an autoclaved FNTD, the physical compartment.
Gliomas (SMA-560) and U87 cells formed networks of overlapping cells. Epithelial tu-
mor cell lines (A431, PC3, A549) formed tightly-packed monolayers (Fig. 5.1.1A,B). A
detailed description of optimizing cell-coating and quantifying cell proliferation kinetics
of the hybrid composite can be found in B: Results, FNTD crystals are biocompatible
[9].

Concerning the morphology all cells were spread and flat. They exhibited the same
shape as grown on standard cell culture treated surfaces under controlled conditions

(incubator, humidified atmosphere).

5.1.2 Probing viability of the biological compartment

The FNTD surface was found to be compatible with all fluorescence-based stainings
tested in the biological compartment comprising A549 cells [9]. The dyes did not
accumulate at the FNTD surface neither by live cell labeling (Calcein AM, CM-Dil)
nor by immunofluorescence staining (Glutl, HOECHST).

High levels of fluorescence signal under Calcein AM labeling as well as the round shape
of the cell nuclei indicated good cell viability (Fig. 5.1.1E). The cytoplasm comprised
multilamellar bodies with high esterase activity (bright spots) which correlate to an
active metabolism. CM-DIil used to achieve a better contrast between the biological
and physical compartment, suggested an exocytotic activity of the cells (Fig. 5.1.1C,D).
Small bodies with high fluorescent signal were present in the intercellular space (Fig.
5.1.1D).

Immunohistochemical analysis using HOECHST as nuclear stain revealed a high bulk
cell density of approximately 6.3-10° cm ™2 (Fig. 5.1.1F). Glutl staining displayed a
sharply bounded network of plasma membranes (Fig. 5.1.2). Together with CM-Dil,
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Figure 5.1.1: A549 cell coating. (A) A549 cells starting to form a confluent monolayer. An island
formation with branching cells is visible. Scale bar, approximately 200 um. (B) Magnified section of a
confluent monolayer. The cells are tightly packed. It is difficult to contrast cells from the transparent
FNTD with light microscopy. Scale bar, approximately 200 ym. (C) CM-Dil labeled and proliferating
cells forming a confluent monolayer. Scale bar, approximately 200 um. (D) Section of CM-DiI labeled
monolayer. Cytoplasmic granules exhibit a strong fluorescent signal. Scale bar, approximately 20 pm.
(E) Cell layer labeled with Calcein AM to test cell viability. The outer red line indicates the cell
membrane. The cell nucleus is defined by the inner red line. A strong perinuclear fluorescent signal
with many bright spots (cytoplasmic organelles) and round nuclei indicate good cell viability. Scale
bar, 20 um. (F) Immunofluorescent labeling of cell nuclei by HOECHST 33342 stain. A uniform
monolayer of proliferating cells is visible. Scale bar, 10 ym. Images (A), (C), and (D) were obtained
by wide field microscopy whereas images (B, E, and F) were obtained in confocal mode. Images
(A)-(E) show live cell stainings. In (F) cells are fixed with 4% PFA. Taken from [9].
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5.1 Engineering Cell-Fit-HD

Glutl demonstrated that A549 cells maintained their tight epithelial cell-cell contact
when cultured on the FNTD surface.

Figure 5.1.2: Glutl/ HOECHST dual staining of A549 cell layer. (A) Glucose transporter Glutl
staining visualizes the A549 cell membrane. Glutl is mainly accumulated at the membrane. The
diffuse cytoplasmic signal may arise from permeabilisation during immunofluorescence staining. (B)
HOECHST staining as nuclear counterstain. (C) Merging of Glutl and HOECHST images. A549 cells
form a tightly packed monolayer with strong cell-cell adhesion. (D) A section of (A) with different color
coding (blue-green-yellow) is shown. The yellow bright spots indicate a strong accumulation of Glutl
at the membrane. Scale bars, 20 um. (A)-(D) were obtained by confocal fluorescence microscopy.
Taken from [9].

5.1.3 Therapeutic particle irradiation

Mounting each Cell-Fit-HD with agarose in a single well of a multiwell plate, allowed
for an easy handling in the irradiation setup (Fig. 4.1.1). By filling the well with
culture medium enabled the cells to stay alive during irradiation. The pH-indicator
in the culture medium indicated a stable COq level (a drop is potentially dangerous).
The carbon ion irradiation of the hybrid detector of dimensions 4 x 8 x 0.5mm? with

a fluence of 1.5-10% cm ™2 lasted less than 10 s.
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5.1.4 Sequential read-out of Cell-Fit-HD

The biological, stained for HOECHST and the physical compartment could be im-
aged successfully in two consecutive steps by the very same CLSM. No post-irradiation
chemical processing of the FNTD or a removal of the cell layer was necessary. Stan-
dard immunofluorescence staining could be employed to co-register and to correlate
cell biology and ion track information (Fig. 5.1.3). It was possible to achieve a rel-
atively fast acquisition of the physical compartment (frame-acquisition time of 14.9s
by adjusting the scan and detection parameters, Table 4.2.1), crucial for live imaging
without forfeiting much signal-to-noise ratio (SNR).

When reading-out the physical prior to the biological compartment the quality of ion
track information was not compromised in Cell-Fit-HD as compared to the FNTD
alone. However when imaging the biological prior to physical compartment an in-
crease in the detector background signal by the light cone of the 405 nm laser used
for HOECHST imaging occurred. Neither the creation of the hybrid composite under
humidified atmosphere nor additional staining procedures affected the signal quality
of the sole FNTD read-out. Technical limitations by the CLSM itself, e.g. working
distance of the objective did not interfere the hybrid detector read-out.

A 4 24
Figure 5.1.3: Spatial correlation between carbon ion tracks and A549 cell layer achieved by the
sequential read-out. A superposition of a maximum intensity z-projection (cell nuclei are labeled
with HOECHST, blue) with an image of the acquired FNTD image stack is displayed. Compared to
the diameter of a cell nucleus (= 10 um) track spots (red spots) have a diameter of less than 1 ym.
The small trajectories branching from the track spots are tracks of secondary electrons released in

Aly03:C,Mg. Insert: The surface of the Cell-Fit-HD was set perpendicular to the incident carbon ion
beam. Scale bar, 10 um. Taken from [9].
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5.2 Ion track reconstruction in 3D
5.2 lon track reconstruction in 3D

5.2.1 Intensity profile of a track spot

Under perpendicular irradiation (0 = 0°) the intensity profile of the track spots is
almost radial symmetric (Fig. 5.2.1A). The track core exhibits a steep gradient. Tra-
jectories of scattered o electrons having a broad angular distribution emerge from it.
Their Bragg peaks, i.e. local intensity maxima at their track ends, are clearly visible.
Under angular irradiation ( = 60°) the intensity profile of the track spots is ellip-
soidal and extended along beam direction (Fig. 5.2.1B). It has tattered edges and also
branching ¢§ electron trajectories of broad angular distribution. The complex profile
exhibits an intensity rise with a global maximum, most probably accounting for the
angular track core. On average, an elongated track spot has a size of approximately 7
x 0.5 pm? — compared to the diameter of 0.9 um of a symmetrical track spot.

Under perpendicular and angular irradiations the positions of the intensity-weighted
track spot centers detected by applying a global threshold (iw centroid, A) and dy-
namic thresholding (rel thres, B) are nearly identical (Inserts, Fig. 5.2.1). Larger
deviations from these positions occur for identifying the absolute intensity maximum
(abs max, C'). The spatial mismatch is much more pronounced under angular than

under perpendicular irradiation.

Figure 5.2.1: Dependency of the FNTD read-out signal on the irradiation angle. Intensity profile of
the read-out signal after (A) perpendicular (§ = 0°) and (B) angular irradiation (§ = 60°). The track
core (masked by the point spread function of the CLSM) is indicated by the red dashed circle. In both
cases ¢ electron trajectories are sprouting from the symmetrical and ellipsoidal track spot. Inserts: The
track spot centers detected by identifying the intensity-weighted centroid applying a manually defined
threshold (ocher circle), by identifying the intensity-weighted centroid applying dynamic thresholding
(green triangle) and the absolute maximum (magenta rectangle) and do not coincide. Scale bars,
0.5 um (A) and 1 pm (B). Taken from [10].
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5.2.2 Residuals of the fit

A detailed description of the residuals gained from LRA can be found in D: Results,
Residuals of the fit [10]. Generally, the mean absolute residuals (in an initial step
the absolute residuals corresponding to a single fit were averaged) perpendicular to
beam direction (x) are smaller than along beam direction (y) for all identification
approaches and for all Az (the distance in z between two neighboring track spots, Fig.
5.2.2). Identification approaches A (iw centroid) and B (rel thres) result in similar and
smaller residuals than approach C' (abs maz).

Under angular irradiation (Fig. 5.2.2A), the residuals fluctuate around 0.10 ym in x
and around 0.58 ym in y for all Az (A and B) and increase under C' (x &~ 0.12 um, y
~ 0.68 ym). Standard error of the mean (SEM) in x (< 0.02 ym) and in y (= 0.10 pum)
approximately equal for all Az and for all identification approaches.

Under perpendicular irradiation the residuals in x and y approaches. The wide gap
between x and y disappears (Fig. 5.2.2B). All residuals are smaller than 0.05 um (<
0.04 um for A and B, Az = 3,6 ym) with SEM < 0.01 pm.
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Figure 5.2.2: Residuals in ion track reconstruction. Mean absolute residuals in x (circles) and in y
(solids) resulting from different fitting procedures. The distance Az between two consecutive track
spots was varied and different approaches to detect the track spot centers were used (red: intensity-
weighted centroid, green: dynamic thresholding, blue: absolute maximum). The error bars are the
SEM. (A) Angular irradiation, § = 60°. (B) Perpendicular irradiation, § = 0°. Taken from [10].

5.2.3 Accuracy of ion track reconstruction in 3D

The limits of accuracy shall be given here. A detailed analysis can be found in D:
Results, Accuracy of ion track reconstruction in 3D [10].

For angular irradiation the mean values 6 = 59.03° and ¢ = 84.68° differ of maximum
0.07° and 0.01° respectively for all LRA (D: Table 1). The corresponding error A6 lies
between 0.89° (A, Az = 3 um) and 3.45° (C', Az = 15 um, D: Fig. 5a,b). The error A¢
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5.3 DNA damage response to particle irradiation

< 0.2° (except Az = 15 pum). For Az < 15 um, mean prediction interval PI, < 0.4 ym
and is increasing to 0.77 um (C, Az = 15 um, D: Fig. 6a,b). Mean PI, lies between
1.72 ym (A, Az =3 pm) and 4.58 ym (C, Az = 15 pum).

For perpendicular irradiation 6 & 1.22° differs less than 0.02° and ¢ € [45°;46°] (D:
Table 2). Whereas Af lies between 0.06° (B, Az = 3 um) and 0.26° (C, Az = 15 um),
A¢ covers a broad range — between 1.53° and 4.77° (D: Fig. 5¢,d). The mean Pls in x
and in y are generally much smaller than 0.3 um (D: Fig. 6¢,d).

At the transition to Az = 15um (# = 0°, 60°), both the distributions of Af and Ag,
indicated by their standard deviation (SD), and their mean values show a steep rise
under A-C' (D: Fig. 5). The mean PIs behave similarly (D: Fig. 6).

5.3 DNA damage response to particle irradiation

5.3.1 lon hit statistics

In Figure 5.3.1 an example of co-detection and co-registration of track information
from the physical and cellular response from the biological compartment is shown.
The biological compartment comprised a confluent and tightly-packed monolayer of
A549 cells. The total imaging field (total area of 0.073 mm?) comprised approximately
515 cells with A, = 158 um? and A,, = 83 um?.

The carbon ion beam was parametrized by the actual fluence ® of 5.62-10° cm =2 (Eg.
3.3) and by a mean ion flight direction of (6, ¢);on= (58.98°, 84.69°). By evaluating
the intensity (converted into 7aetuar) Of the track spots, the ion traversals could be
categorized into two populations: primary carbon ions (=~ 33%) and lighter fragments
(= 67%), most probably protons (Fig. 5.3.3A). 30% of the fragments showed large
angular scattering, i.e. were deflected more than 10° away from the mean ¢;,,.

The total number of nuclei hits in the total imaging field by ions was estimated to
be 242 (on average 0.467 total hits per nucleus). 103 hits by carbon ions and 139 by
fragments with the following hit distribution: 315 nuclei were not hit (322 according
to an ideal Poisson distribution), 159 nuclei were hit once (151), 40 nuclei were hit
twice (36) and 1 nucleus was hit three times (6). The total number of cellular hits was
calculated to be 461.

In sum 17 RIF sequences could be correlated to single ion tracks, i.e. 4% of all cellular
hits caused a RIF sequence. In four cases two RIF sequences were located in the same
nucleus. The probability (4/17) of having two sequences in a single nucleus coincides
well with the probability (40/242) of two hits per nucleus.
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Figure 5.3.1: Spatial correlation gained on a subcellular scale. Projections (yz, xz, xy) of a re-
constructed ion track and its extrapolation into the cellular compartment. (A-C) The ion track
parametrized by 0;on, Yion and @;on, is indicated by the yellow dashed line. The magenta crosses indi-
cate the positions of the detected track spot centers in the corresponding imaging plane of the FNTD
image stack. Cell nuclei and v-H2AX foci (RIF) are depicted in red and white, respectively. (C) A
section of the xy projection including subvolumes of the detector imaging planes with the ellipsoidal
track spots is depicted. (D-F) Spatial correlation between the ion track (yellow line), cell nucleus
(red), and v-H2AX foci (blue). The black lines indicate the 95% prediction intervals; only the upper
right and the lower left boundaries are shown. Taken from [11].
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5.4 Resolving therapeutic particle spectrum

5.3.2 Residuals and dynamics of the RIF sequence

The mean residuals between the centroids of the scattered RIFs and the most-likely ion
tracks in z and y were 1.09 gm + 0.23 yum and -1.72 ym + 0.82 ym (SD) respectively
(Fig. 5.3.2). The mean slope of the reconstructed tracks ;o= 31.02°+ 0.80°and the
mean polar angle ¢;,, (84.69°+ 1.13°) coincided well with the mean slope yz; = 33.40
°+ 5.94°and the mean ¢rrp= 86.46°+ 3.71°0f the scattered RIF-sequences (Fig. 5.3.1D-
F). Generally there was a trend for the tracks to be located above (i.e. in positive z)
the RIF sequences (indicated by negative residuals in y).

The mean perpendicular between the ion track and the RIF was 1.58 pum =+ 0.69 pm
(E: Fig. 4B). The mean FOP distances clustering in [2;3.3 um| are correlated to the
corresponding track spot intensities accumulating at [400; 800MHz] (Fig. 5.3.3B). The
distribution of all FOP distances exhibits multiples of 1 ym (Insert, Fig. 5.3.3B).
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Figure 5.3.2: Mean lateral residuals between the radiation-induced v-H2AX foci (RIFs) and the
corresponding ion tracks. In an initial step the residuals corresponding to a single ion track were
averaged. The overall mean in x (solids) is 1.09 pm + 0.23 ym (SD, red dotted line) and in y (circles)

is-1.72 ym £ 0.82 ym (blue dotted line). Inset: The residuals were sorted with respect to the quadrant
of the tile scan. Taken from [11].

5.4 Resolving therapeutic particle spectrum

5.4.1 Direct measurement: » and FWHM

A masking of the track spots with a disc of diameter 15 pixels for all particle types and
energies seemed to be most suitable. The ROI comprised the entire track spot. The
maximum count rate 7yeeuq 1S increasing with rising LET. It follows an approximately
exponential function (Fig. 5.4.1) [8, 38]. The increase in the therapeutic relevant LET
range [0; 100keV ym~'] could be approximated by a line applying simple LRA (Insert,
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Figure 5.3.3: Correlation between the intensities of the track spots and the mean distance between
neighboring feet of the perpendicular (FOPs). (A) Distribution of the summed track spot intensities,
converted into count rate. According to the histogram the threshold was set to 350 MHz (red dashed
line) to distinguish between primary particles and lighter fragments. (B) The mean FOP distances
corresponding to carbon ion tracks are clustered in the interval [2; 3.3 um]. The track-spot intensities
represented by the black solids are in fact smaller. Two very close neighboring tracks partly inter-
secting hinder a clear separation by the track spot intensity analysis. The distances were calculated
only between FOPs located in the same cell. Inset: The distribution of all FOP distances exhibits
accumulation around 1 pm, 2 ym, and 3 gm. Taken from [11].

Fig. 5.4.1A).

Figure 5.4.2 displays the correlation between the FWHM and 7,4, (maximum sec-
ondary electron range). There seems to be a linear trend for track spots with a FWHM
greater than 0.5 yum. Concerning Fe-56 and Xe-131, the FWHM seems to rise with in-
creasing particle energy. Concerning H-1 and C-12 the FWHMSs seem to be identical

(~ 500nm) for all corresponding particle energies.

5.4.2 2D Gaussian fit

The distribution of ngerecteq Was fitted by a 2D Gaussian function to get an estimation
of the net count rate. For the track spot masking the following disc radii seemed to be
most suitable: 10 pixels (H-1 and C-12), 15 pixels (Mg-24 and S-32) and 20 pixels (Fe-
56, Kr-84 and Xe-131). These disc radii ensured a suitable trade-off between sufficient
background signal in the ROI and not to exclude too many track spots by overlapping
ROIs. Except for Mg-24 and S-32 the mean Gaussian peak amplitude A is rising with
increasing atomic number of the incident ions (Fig. 5.4.3A) [8]. Within a certain parti-
cle type, there is a general trend for A to decrease with increasing particle energy and
hence decreasing LET. The background pedestal B follows the same tendency: it is

increasing with rising atomic number (and rising disc mask radius) and declining with
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5.4 Resolving therapeutic particle spectrum

Figure 5.4.1: Correlation between the mean maximum count rate fgcqq; Of a track spot and the LET
of the incident particle. The error bars show the SD. The disc radius for the track-spot masking is 15
pixels for all particle types and energies. Inserts: (A) fitting of H-1 and C-12 count-rates (except C-12
4MeV u~t) by a straight line. (B) Mean maximum detected count rates figesected SOrted in ascending
order. Above 10 MHz saturation effects occur. Taken from [8].
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Figure 5.4.2: Correlation between the mean FWHM of a track spot (7)getected) and the maximum
secondary electron range (7,4, ). For a certain particle type rpq. is increasing with rising particle
energy. The error bars show the SD. The disc radius for the track-spot masking is 15 pixels for all
particle types and energies. There seems to be a linear relationship for track spots with a FWHM
> 0.5 pm. Insert: mean FWHM sorted in ascending order. Taken from [8].
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5 Results

increasing energy of a certain particle type (Insert, Fig. 5.4.3A).

For all ions lighter than Fe-56, ¢ hardly varies (Fig. 5.4.3B). There is yet a significant
increase for particles heavier than S-32.

Except for heavier ions (in particular Xe-131) the parameters gained by direct mea-

surements and by the 2D Gaussian fit coincide (Fig. 5.4.3).
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peak amplitude A and mean o are sorted in ascending order with respect to the atomic number and
energy of the incident particle. (A) The value of Ais declining with increasing energy within a particle
type. Insert: the background B is rising with increasing atomic number. (B) Mean o is nearly constant
for ions lighter than Fe-56. Insert: The corresponding mean FWHM gained by the fit nearly coincides
(except Xe-131) with the mean FWHM gained by track spot characterisation. Taken from [8].
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5.4 Resolving therapeutic particle spectrum

5.4.3 Characterisation by STED microscopy

A read-out of the irradiated FNTDs by STED microscopy is principally possible (Fig.
5.4.4). Generally the FWHM (Azyeas) of a track spot could be reduced by a factor
of approximately two compared to the confocal imaging data (Fig. 5.4.5). Compared
to the confocal read-out, an increase in background and a decrease of the foreground
signal (colorbars in Fig. 5.4.4) under STED occurred. De-excitation of transformed
color centers at very high STED laser intensities was also possible .

Whereas the intensity profiles of protons and carbon ions seems to be peaked, the
profile for xenon seems to exhibit a plateau (Fig. 5.4.4G-I). The resolvable carbon ion
beam fluence (> 10® cm™2) could be increased by a factor of at least two compared to
the maximum resolvable fluence of 5-10” cm™ by confocal read-out according to [7]
(Fig. 5.4.6).

The FWHM (A yeas) of the investigated track spots (C-12, 152.05 MeV u~! and H-1,
49.37MeV) is decreasing — and hence the resolution is increasing — with increasing
STED pulse intensity (personal communication with Henrich, M.). For C-12 and H-1
it is approaching to 147 nm and 110 nm, respectively [45]. The effective STED PSF
had a FWHM (Azpgr) of approximately 70 nm.
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A H, 49.37 MeV B C-12,224.81 MeV u? C Xe-131, 9.30 MeV u?

Figure 5.4.4: Exemplary track spots gained by confocal and STED read-out. (A-C) Confocal and
(D-F) STED read-out. A reduction of the FWHM and the intensity values under STED compared to
the confocal data is clearly visible. A secondary electron trajectory including its track end (indicated
by the blue rectangle) is visible (B,E). (G-H) Plots of exemplary intensity profiles of the track spots
indicated by the yellow rectangles in (D-F). Unlike for protons and carbon ions the intensity profile
(AZpmeas =~ 1200nm) of xenon ions (H) exhibits a plateau. The fluctuations are most probably by
photon-shot-noise. Scale bars, 1 pm.
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Figure 5.4.5: Comparison of the FWHM (Azpeas) of carbon ion track spots gained by confocal
(circles) and by STED (rectangles) microscopy. STED data was available for limited ion energies.
Number of track spots investigated by STED microscopy (4.00, 91.14, 224.81, 428.77 MeVu~!): 7, 5,

5, 8. The confocal data were gained by the read-out with the CLSM (Insert, Fig. 5.4.2). The error
bars are the SD.

®=108 cm? ®=10°cm=?

Figure 5.4.6: Comparison of the ion beam fluence resolved by confocal and STED microscopy.
Carbon ion (4 MeV u~!) beam fluences ® resolved by confocal (A,B) and STED (C,D) microscopy.
Unlike in the confocal data (A) very close track spots could mostly be separated in the STED data
(C) at ®= 10® cm~2. Currently, a clear discrimination at ®= 10° cm~? is impossible for both imaging
techniques (B,D). Scale bars, 2 ym.
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5 Results

5.5 Probing single cell fate after therapeutic ion

irradiation

5.5.1 Morphological characterisation of the biological
compartment

The tightly packed layer of A431 cells comprised a bulk cell density of approximately
3.05-10°cm™2 (hD area, Fig. 5.5.1 and Table 5.5.1). Areas of lower cell density of

approximately 1.06-10° cm™2

occurred (1D area). Cells were partly overlapping in
both areas. Shrinkage of the cell nuclei occurred during the total imaging period of
approximately 19h. Dense chromatin aggregates occurred in both areas. In the hD
area and pC (positive control), cells seemed to halt proliferation during the whole

imaging period.

A B

Figure 5.5.1: A431 cell coating. hD (A) and ID (B) areas 19h after the irradiation. DNA in cell
nuclei were stained with Drag5. Dense chromatin aggregates are visible in both areas. (B) Crescent-
shaped chromatin aggregates occur. Inserts: Examples of localized (A) and very dense (B) chromatin
condensation in the nucleus. Color coding: low (blue) and high (yellow) chromatin density. Scale
bars, 20 ym.

Table 5.5.1: Characterisation of the A431 cell coating. The hD area and the pC were characterized
1h, the ID area was characterized 19h after irradiation. The pC represents also a high cell density
area with a similar mean nucleus area A,. In both positions the total nucleus area A, ; made up
more than half of the imaging field. Semi-automatic (A, ;) and automatic (A, ,) segmentation of
the nuclei gained similar results for the hD area and for the pC.

Imaging field # Cells Cell density An Ant | Anta
(224 x 224 um?) [cm?] [um?] [%] | [%]
High cell density (hD) area | 167 3.05*10° 168.09 | 55.9 | 54.6
Low cell density (ID) area 58 1.06 * 10° 111.34 | 129 | -
Positive control, pC 177 3.23*10° 167.43 59.1 | 55.2
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5.5 Probing single cell fate after therapeutic ion irradiation

5.5.2 lon hit statistics

All positions of identified ion traversals in the hD area are displayed in Figure 5.5.2A.
All nuclei were hit twice at minimum (Fig. 5.5.2B,C). The median was 21 hits per
nucleus. The number of nuclei hits seemed to be direct proportional to the nucleus area
A, (Fig. 5.5.2D). Greater hit numbers (> 41 hits, upper 5 percentile) were assigned to
nuclei with increased A,,. The ion traversals were categorized into traversals by carbon
(primary) ions and lighter fragments of ratio 1:2 (Fig. 5.5.3A).

Figure 5.5.3B displays a spatial inhomogeneity of the local LET (defined as mean LET
per nucleus) in the hD area. The median was 54.81keV um~!. Eight nuclei faced a
local LET > 78.65keV um~! (upper 5 percentile).

The actual macroscopic ion beam fluence in the hD area was assessed to be 1.34- 107
cm™? (Eq. 3.3). The local fluence (defined as number of hits per nucleus area) map
shows also an inhomogeneous spatial distribution (Fig. 5.5.4A). There, the median
was 1.34-10"cm™2. Deviations by a factor of approximately 2.7 from the adjusted
macroscopic ion beam fluence (10" cm™2) occurred. On average, a nucleus was exposed
to local dose (defined as the dose per nucleus) of 1.21 Gy (median) in the hD area (Fig.
5.5.4B). Eight cells faced a high dose in the nucleus > 1.96 Gy (upper 5 percentile).
In comparison, the actual macroscopic ion beam fluence in the 1D area was assessed to
be 1.19-107 cm~2. The ratio between incident carbon ions and lighter fragments was
approximately 2:5. All nuclei were hit, at minimum twice. The median was at least

11.5 hits per nucleus.

5.5.3 Caspase-3/7 kinetics

Caspase-3/7 activation in the hD area was detectable within one hour after irradiation
(Fig. 5.5.5). At the time point of irradiation all cells were assumed to be non-apoptotic.
Despite small fluctuations, the caspase-3/7 activity was constantly rising. In the last
time point (19h after irradiation) the median has increased by a factor of approxi-
mately 1.4 compared to its initial value (Fig. 5.5.5B). A maximum response (and a
subsequent fall-off) within the total time interval was yet not detectable. In compari-
son, caspase activation in the pC is also increasing but has a lower initial off-set and a
lower maximum by a factor of approximately 4 and 2.1, respectively. On the contrary,
the caspase activity in the 1D area (19 h after irradiation) is much greater — by a factor
of 5.5 — compared to the hD area. There all cells seemed to undergo apoptosis (apop-
totic index: 100%).

Based on the minimum caspase signal in the 1D area being considered as a threshold
for apoptosis all apoptotic cells in the hD area and pC were identified accordingly
(hD area: Fig. 5.5.6A). Despite a small initial fluctuation, no apoptosis seems to be
triggered within the first 9h after irradiation (Fig. 5.5.6B). The apoptotic index is

63



5 Results

Figure 5.5.2: Ion hit statistics for the hD area. (A) Positions of all identified ion track centers (green
crosses) in the high cell density (hD) area. Nuclei are labeled with Drag5. Corresponding map (B)
and histogram (C) of all nuclei hits. (C) The red dotted line indicates the corresponding Poisson
distribution (A = 21). (D) Correlation between the number of nuclei hits and the area per nucleus in
the hD area. Scale bars, 15 um.
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5.5 Probing single cell fate after therapeutic ion irradiation

n=1.8808 + 0.0492 * LET

Fragments Carbon ions

Figure 5.5.3: Intensities of the track spots and corresponding local LET in the hD area. (A) The
maximum intensity (converted into the count rate nyctuar) of each track spot was identified. According
to the histogram the threshold was set to 5 MHz to distinguish between primary ions and fragments.
(B) Local LET map of the ion traversals. Using the linear conversion (Eq. 6.1, also displayed here)

the mean 74.t4q; Per nucleus was converted into the corresponding mean LET per nucleus. Scale bar,
15 pm.

Figure 5.5.4: Local fluence and dose distribution in the hD area. (A) The local fluence was defined
as the number of hits per nucleus divided by the nucleus area. (B) The local dose was calculated using
Equation 2.4. Within a nucleus the fluence and dose was assumed to be constant. Scale bars, 15 pym.
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increasing to 7.2% (in total 12 apoptotic cells) 19 h after irradiation. On the contrary,
the apoptotic index of the pC is fluctuating around 1.13% (2 apoptotic cells) and is

finally decreasing to zero.

High cell density area (hD)
Low cell density area (ID)
Positive control (pC)

Figure 5.5.5: Caspase-3/7 activity. (A) Caspase signal per unit area (hD area: blue, pC: red) over
time. Each line corresponds to the caspase activity of an individual cell. Few outliers with high
activity occurred in the pC. Insert: a much higher activity was measured in the 1D area 19h after
irradiation. (B) Median caspase signal over time. The error bars are the SEM.
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5.5 Probing single cell fate after therapeutic ion irradiation

Figure 5.5.6: Apoptotic index of the hD area. (A) Apoptotic cells (19 h after irradiation) are labeled
in red. (B) Apoptotic index over time in the hD area and in the pC. (C-F) According to the physical
energy deposition in the nuclei the cells in the hD area were grouped (see legend, number of total
and apoptotic cells of a sub-group are also displayed). The apoptotic index was determined for all
sub-groups. The apparent decrease of the apoptotic index (especially in the pC) with increasing time
could be attributed to inaccurate segmentation of the nuclei or to a temporal decrease in caspase
activity.
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6 Discussion

6.1 Engineering Cell-Fit-HD

The cell-coating experiments indicated that AlyO3:C,Mg is biocompatible with all cell
lines tested. The cells were flat and spread thus indicating good cell attachment.
Compared to standard treated surfaces for cell culture neither the morphology nor
physiological properties of the cells seemed to be compromised when plated onto the
FNTD surface. Further the physical properties of the surface seemed not to be affected
by autoclaving and prolonged exposure to high humidity.

To improve coating by human U87 and murine SMA-560 cell line at low seeding concen-
tration using an intermediate layer the fibronectin concentration should be optimized
or another ECM component tested (Table 1 in B: Results, FNTD crystals are biocom-
patible). Concerning further experiments the focus should be on the A549 cell line. The
cells maintain active metabolism, form tightly-packed monolayers with strong cell-cell
adhesion and therefore limit cell migration possibly interfering future ion hit statistics
(Fig. 5.1.1).

The FNTD surface seems to be compatible with common staining and fixation pro-
cedures. No dyes were accumulating at the surface causing an increased background
during imaging and the cells maintained their morphology after fixation by PFA. It is
possible to label (in terms of radiobiology) key cellular compartments like the nucleus
or other key molecular and signaling events like Glucose uptake by immunofluorescence
staining techniques (Fig. 5.1.2).

The cell layer and the FNTD could be read-out in-situ by the very same CLSM. No
post-irradiation chemical processing nor a removal of the cells was necessary thus elim-
inating a significant source of error. Co-detection and correlation of radiation track
information with cell biological parameters was possible (Fig. 5.1.3). The quality of
the read-out signals of both compartments were not affected in the sequential acqui-
sition. Together with application of common staining techniques, these are important
pre-conditions for spatial correlation studies between physical energy deposition and

biological response including the assessment of microscopic beam parameters.
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6 Discussion

6.2 lon track reconstruction in 3D

The accuracy — expressed by Af and Pl — of 3D ion track reconstruction using the
depth information gained by the FNTD read-out strongly depends on the irradiation
angle 0 and the approach to assess the track spot center [10].

6.2.1 Intensity profile of a track spot

Besides the energy of the swift ions, § primarily governs the complexity of the intensity
profile of a track spot (Fig. 5.2.1) [8]. Shallow angles cause elongation of the original
radial-symmetric profile along beam direction. Tracks of § electrons of broad angular
distribution further distort the profile. In addition, the number of § electron trajectories
apparently rises under 6 = 60°. Due to a greater geometrical cross section of the
incident ion with Al;O3:C, Mg the probability of producing such electrons increases.
However, additional electron trajectories from neighboring ion traversals above or below
crossing or being scattered into the actual imaging plane are also detected.

A masking of the actual physical track spot by the PSF of the CLSM occurs. Refractive
index mismatches at the oil-cell layer and cell layer-FNTD boundary introduce spherical
aberrations, leading to a distortion of the original PSF [31, 32, 65]. Next to a decrease
in brightness, a blurred appearance of the track spots including the tattered edges

under angular irradiation could be the effect.

6.2.2 lon track center assessment

Evaluating the residuals of the LRA, weighting by intensity (approaches A: iw centroid
and B: rel thres) seemed to assess the center of the track core best. A global threshold
of 0.4 seemed to be appropriate to detect the sole track core (without § electron tra-
jectories). Additionally, dynamic thresholding (B) has the advantage of responding to
different intensity profiles of a spectrum of particle types and energies constituting the
incident ion beam. There, a threshold of 2/3 of the intensity maximum seemed to be
appropriate not to run into the global maximum (the intensity profile exhibits a steep
gradient) which is likely not to coincide with the actual center of the track spot. This
mismatch could most likely be attributed to statistical fluctuations of energy deposi-
tion and local fluctuations of the F53*(2Mg) color center density.

A fitting of the intensity profile by a 2D Gaussian function (symmetrical under per-
pendicular, elliptical under angular irradiation) could be an improvement to detect the

actual center of a track spot (xg, o) and hence improve the subsequent LRA.

70



6.2 Ion track reconstruction in 3D

6.2.3 Accuracy on particle track reconstruction in 3D

The irradiation angle 6 governing the complexity of the track spot geometry has a
major impact on the accuracy of track reconstruction. The much greater — by a factor
of approximately six — residuals along (x) than perpendicular (y) to beam direction
under 0 = 60° gets directly reflected in greater Af (by a factor of approximately 10)
compared to § = 0°, irrespective of the identification approach (D: Tables 1 and 2).
The same manner goes for the Pls, especially for PI, (# = 60°) being more than 10
times greater than the symmetrical PIs under 6 = 0°.

The great values of the error A¢ (0 = 0°, D: Table 2), arising from the narrow distri-
bution of the projections of the track spots onto the yz plane, could (as well as A#)
significantly be reduced by enlarging the total read-out range in z to 114 um (D: Table
3). The PIs however remained nearly identical.

To assure a minimal extrapolation interval and hence to minimize the Pls in general
it is favorable to start the read-out of the physical compartment close to the detector
surface (Eq. 3.9).

A reasonable trade-off between a fast read-out (Az = 15 um) and still high-accuracy,
i.e. low A6, Ag, is only possible under # = 0°. The Pls are however increasing as they

depend on the inverse number of track spots considered for the LRA (Eq. 3.9).

6.2.4 Correction of axial geometrical distortion

Distortion by the refractive index mismatch mainly affects the axial position of the
focal point and hence 6, the direction of the ion track. The introduction of non-linear
corrections [59] and a spatial dependence of the ASF due to a different refractive index
for individual organelles [66] could further improve track reconstruction.

To reduce spherical aberrations, cell-mounting medium 2,2’-Thiodiethanol (98%, n=
1.518) having the same refractive index as glass (hence a reduction to a single cell
layer-Al;O3:C,Mg boundary) could be used [67]. Perpendicular irradiation should be
favoured in particular for live-cell imaging. There, the nominal focal position can be
approximated with the actual one.

The error term (ASF; — ASFy)As in Equation 4.2 affecting the actual focal position is
independent of z and does not influence the flight direction of the ion. The error z (Eq.
4.3) of the position of the ion track in the horizontal is smaller than 0.5 um for shallow
irradiation angles (i.e. # < 60°, As = 1 um). It decreases steeply with 6 approaching
zero as long as (ASF; — ASFy) < 1. The quantity & becomes yet more relevant for the

spatial correlation of ion traversal and biological response on the molecular level.
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6.2.5 Practical considerations

“To achieve the desired accuracy in determining the angle # with an error smaller
than 1° under angular irradiation at # = 60° the intensity-weighted centroid detection
and a 21 image stack separated by Az = 3pum was found as the best set of image
acquisition and processing parameters. Increasing Az to 6 pm (i.e. half the number
of track spots) deteriorates the accuracy, i.e. A8 and PI, roughly by 30% and 20%
respectively. Concerning angles of irradiation with € close to 0° and using the same
fit parameters, Af decreases by a factor of at least 10 with nearly symmetrical lateral
error distribution.

The required increase in accuracy of track reconstruction also increases the total read-
out time of the detector. To further improve accuracy if necessary one could extent the
total axial range of the image stack, to increase the number of images and decrease the
image depth increment between two consecutive image planes (Kz) This, however, is
more time consuming. Naturally the total microscope time is directly affected by the
acquisition time of a single imaging plane (mainly governed by laser power p, dwell time
7, number of rescans R and total number of spots per imaging field [39]) influencing

the signal-to-noise ratio and thus the quality of the detection of the track spot center.”!

[10].

6.3 DNA damage response to particle irradiation

With the Cell-Fit-HD it was possible to correlate 17 occurring RIF sequences — with at
minimum 3 7-H2AX foci — to the corresponding ion tracks. Despite a high sensitivity
for DSB detection [56] only 4% of the cellular hits were causing a RIF sequence. Possible
reasons could be cell-cycle arrest with a slowed down DNA repair dynamic (and hence
lack of 7-H2AX) in the tightly packed A549 cell layer as well as DSBs already repaired

within the time-frame before fixation.

6.3.1 Residuals

The mean residuals between the scattered RIFs and the ion tracks showed a systematic
shift in x (perpendicular) and y (along beam direction, Fig. 5.3.2). An orchestrated
rotation as well as a collective translation of the entire cell layer in the horizontal could
be excluded to be main contributors as the orientation of the RIF sequences and of
the ion tracks correlate well. Further small residuals (e.g. track 1) occur. Migration
of individual cells in a tightly-packed cell layer is very unlikely. In contrast, the SD
of Yrrr (5.94°) and ¢rrr (3.71°) parametrizing the angular distribution of the RIF

sequences could indicate slight rotations of individual nuclei.

Itaken from D: 5. Conclusions
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6.4 Resolving therapeutic particle spectrum

Rather, inaccurate mechanical alignment of the microscope stage during the tile scan
and the systematic error As (the uncertainty in the position of the FNTD surface in z)
seemed to impose the residuals, especially in y a spatial dependence [11]. Additional
systematic error in the residuals caused by limitation in the microscopy setup (stage
precision, lowering of the stage in z, etc.) was below 1 ym.

Stress-induced cellular rearrangements as well as DSB repair dynamics (whether by
passive diffusion [68] or directed migration of the DSBs [69]) could also lead to a residual
shift. Further, the assumed isotropic labeling of the chromatin region surrounding the
actual DSB (comprising approximately 2000 v-H2AX [56]) is on a much greater length
scale than the physical DSB and has to be critically considered.

6.3.2 Dynamics of the RIF sequence

Compared to the residuals being on the um scale, the narrow distributions of the mean
perpendicular per ion track emphasize a scattering of individual RIF's within a sequence
on the sub-um scale (E: Fig. 4B). The total ion interaction path length in the nucleus
is only a limited measure for the number of RIFs per ion track. Additional biological
parameters like the nucleus organisation have to be considered. The rather regular than
random spacing between neighboring FOPs and RIFs (Insert in Fig. 5.3.3B) could be
attributed to chromatin organisation [62, 70, 71] as well as RIF clustering [69, 72]. It
could also indicate unrevealed correlations between the LET (expressed by the track-
spot intensity, Fig. 5.4.1) and recurring biological response patterns. The majority
of RIF sequences seemed to be caused by high-LET carbon ions (Fig. 5.3.3B). The
appearance of distinct RIFs emphasizes a stochastic energy deposition rather than a
continuous interaction pattern by the traversing ion (Fig. 5.3.1D,E,F). This resembles
well with the appearance of blobs along single ion tracks (i.e. aggregations of energy
depositions, Fig. 3.2.1C) which characterises the AlyO3:C,Mg based FNTD a promising

biological cell surrogate candidate to mimic biological response to ion irradiation.

6.4 Resolving therapeutic particle spectrum

6.4.1 Characterisation by confocal microscopy

The analysis of the FNTD read-out signals showed a direct correlation of the maximum

intensity of the track spot, whether assessed by direct measurements (7)) or 2D Gaussian

A

fit (A) to the LET of the incident particles (Figs. 5.4.1 and 5.4.3A). The additional
energy loss and hence rising LET with increasing read-out depth (30 um compared to
10 um) as well as increasing spherical aberrations were neglected in the correlation.
Color center inhomogeneities within and also between individual FNTDs were also

neglected causing small-scale variations in the read-out signal.
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6 Discussion

Within the clinically relevant LET range [0; 100 keV ym™!], a linear relationship seems

to be a good approximation for the overall exponential function (Fig. 5.4.1):
f) [MHz] = 0.00492- LET [keV pm™'] + 1.8808 (6.1)

A mean variation of the actual count-rate of 10% (mean SD of 7,epua for H-1 and
C-12) translates into a LET uncertainty of about 14%. Strictly, the conversion is only
valid for LET values > 4.00keV ym~"! and < 90.23keV ym~! (Table 4.4.1). Despite
its limitation Equation 6.1 was used to convert all occurring LET values (in the clini-
cally relevant range) in this project. A characterisation of the track spot intensities of
particles of very low LET and further investigations how these signals would behave
with increasing read-out depth are crucial to improve this conversion. It has further to
be investigated whether the range cut-off introduced by the masking of the track spots
could be related to the LET A (section 2.3).

A direct correlation between the FWHM of the track spots and the maximum sec-
ondary electron range (7pq.) is limited by a masking of the read-out signals by the
PSF of the CLSM. There seems to be an increase for particles heavier than C-12; for
lighter particles (FWHM < 0.5 pm) the PSF dominates the actual track spot profile.
A FWHM of 500 nm seems to agree with the resolution of the CLSM (=~ A/2 = 320 nm,
Eq. 2.8) disturbed by spherical and other aberrations in the imaging path. At current
stage, an indirect correlation between particle type and FWHM is therefore very lim-
ited.

6.4.2 Characterisation by STED microscopy

The decrease of the foreground signal (Fig. 5.4.4) could be attributed to — besides a
smaller focal spot in lateral dimensions — a non vanishing intensity in the central zero
of the STED laser. This causes a de-excitation of F5(2Mg) centers in the focal center.
The increase in background by photochromic transformation or even vanishing track
spots (by de-excitation of the color centers) might be caused by an increased probabil-
ity of sequential two-photon absorption at high STED pulse energies (Fig. 3.2.2A).

The converging FWHM (AzZycas) with increasing STED pulse energies — while the
FWHM (Azpgr) of the PSF still declines — is a strong evidence to resolve the small-
est feature of the track spots (personal communication with Henrich, M.). Together
with a resolution capacity (Azpsr) of approximately 70 nm, the nanoscopic imaging
could promise to probe the RDD of the swift ions in solid state detectors on the nm-
scale. A retrospective convolution of the corresponding RDD (using the Scholz model)
with the extracted PSF would reveal a plateau in the track core of radius 30 nm (H-1,
49.37MeV) and of 45 nm (C-12, 152.05 MeV u™'), respectively (Fig. 6.4.1). The plateau
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6.4 Resolving therapeutic particle spectrum

of the RDD of xenon ions (9.30 MeV u™!) would have a radius of approximately 110
nm. However, photon-dose response correction (Fig. A1) applied to account for satura-
tion effects of the color centers (strictly speaking recorded under confocal microscopy)
is only an approximation for the STED data and adds additional uncertainty in the
RDD determination.

The decrease in the FWHM of the track spots under the STED read-out has a direct
impact on the maximum resolvable ion beam fluence. The actual resolution of approx-
imately 150 nm (AZpeas, C-12, 152.05 MeV u™!) would allow to resolve a fluence up to
4.44-10° cm™2 (assuming that two neighboring ion track centers have to be separated
by AZpeas). In reality the single ion traversals are however not equally spaced (Fig.

5.4.6). This limits the possibility to resolve every track spot at such a high fluence.
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6 Discussion

Figure 6.4.1: Radial dose distribution (RDD) and corresponding imaging data. (A) RDD using the
Scholz model (plateau of radius 10 nm) for protons (49.37 MeV), carbon (152.05 MeV u~!) and (B)
xenon (9.30 MeV u~!) ions. Computed using libamtrack [24]. (C) Corrected and scaled RDD for C-12
and Xe-131, applying the photon response saturation model to doses > 50 Gy. (D) Example of an
actual track spot profile of H-1, 49.37 MeV gained by STED microscopy (green curve). The actual
RDD (Scholz model, plateau radius of 30 nm, blue dashed curve) was convoluted with the PSF of
the STED (black dotted curve, Azpgr = 70nm). The red curve shows the corresponding track spot
gained by confocal microscopy. The confocal PSF has a FWHM of 300 nm (not shown here).
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6.5 Probing single cell fate after therapeutic ion irradiation

6.5 Probing single cell fate after therapeutic ion

irradiation

The functional read-out of Cell-Fit-HD enables to probe single cell fate after therapeutic
carbon ion irradiation. Live imaging of the biological compartment could successfully
be employed to track the radiation-induced kill of individual cells over a time period of
approximately 19 h. Besides the energy deposition in the nucleus, biological constraints
(i.e. cell density) seemed to play an important role in the apoptotic cell death kinetics
of A431 cells.

6.5.1 lon hit statistics

Next to the visualization of tracks of penetrating ions on the sub-um scale, the read-out
of the physical compartment also allows to parametrize the spatial energy deposition
distribution in each nucleus (Figs. 5.5.2, 5.5.3, 5.5.4). The decline in the fluence of
primary ions by a factor of approximately two due to fragmentation processes in the
absorber material in front of the hybrid detector could successfully be monitored. How-
ever, the increase of the total fluence by a factor of 1.34 is apparently too low. Due to
the lower LET,, threshold of 0.5keV um™! in water, the FNTD seemed not to detect
emerging fast protons of kinetic energies > 170 MeV. Additionally, a clear separation
between track spots by fast protons and by secondary electrons released in Al,O3:C,Mg
was not always possible affecting the detected ion beam fluence. Due to their low LET
the corresponding contribution to the physical dose deposition and hence the biological
effect of the fast protons (compared to the carbon ions) is however small.

Despite a simplified approach, the assessed LET (54.81keV pum™!) and dose per nucleus
(1.21 Gy) seem to approach the computed macroscopic LET (58.46 keV ym™!) and dose
(0.94 Gy) of the adjusted ion beam well. Despite the apparent discrepancy the actual
difference should be in fact smaller. Projectiles of lower kinetic energies emerging from
the stochastic nature of energy deposition were neglected in the computation according
to [24]. The computed values should therefore be shifted to greater numbers. Counting
only direct nuclei hits and assuming the dose to be constant within the nucleus (Fig.
5.5.4B) is only an approximation of the actual microscopic dose distribution in the nu-
cleus. Further, the deposited dose was assumed to be equal to the absorbed dose. To
further improve the actual dose distribution energy deposition by released ¢ electrons
of nearby ion traversals should also be taken into account superimposing the localized

energy deposition (i.e. deposited dose) by direct hits.
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6 Discussion

6.5.2 Relating caspase activity to microscopic beam parameters

The ion hit statistics in the hD and 1D area nearly equals. The apparent smaller num-
ber of nuclei hits in the 1D area seems to arise from the shrinkage of the cell nuclei.
The correlation for this area was performed 19 h after irradiation. Despite 21 (median)
nuclei hits in the hD area only 7.2% of the cells were caspase-3/7 positive objects 19 h
after irradiation. The occurring resistance could be induced by increased cell-cell com-
munication due to the high cell density with a subsequent delay in caspase activity. On
the contrary all cells in the 1D area were identified to be apoptotic. Morphological in-
dications for apoptosis (formation of dense and crescent-shaped chromatin aggregates,
Fig. 5.5.1B) accompanied the activation of caspase in the hD area.

According to the p values of the log-rank test (Table 6.5.1) the survival (1- apoptotic
index) of the irradiated cells over time does not significantly depend on the microscopic
energy deposition in the nucleus (Fig. A2). Except the local LET, the corresponding p
values are yet close to the 5% level of significance. Increasing the level of significance
to 10%, cells facing a higher dose, fluence and hits by primarily carbon ions in the
nucleus have a significant greater probability to undergo radiation-induced apoptosis
within 19h after irradiation. At a first glance it seems that cells facing a smaller
number of nuclei hits exhibit a significantly higher probability to become apoptotic.
Although a small number of nuclei hits, the hits were mostly caused by primary ions
of higher LET (> 63.40keV pum™').

The small number of apoptotic cells in the hD area however limits the possibility to
draw reliable and evidence-based conclusions. It is therefore necessary to extend the
total imaging time in order to conclude whether the low apoptotic index is only tem-
porarily or whether it is actually governed by a combination of physical and biological
constraints.

To minimize the influence by the possible cytotoxicity of intercalating dyes transgenic
cell lines expressing nucleus-tethered fluorescence markers (e.g. h2a-mCherry or 53bp-
mCherry) with a signal sufficient for nuclear segmentation algorithms could be used
[73]. Despite the viability of the cell coating — characterized by the nuclear morphology
and low caspase-3/7 activation in the pC — intercalation of Dragb in the DNA seems
to have an anti-proliferative effect [74].

In order to analyse a much greater number of cells and to reduce the image processing
time, image segmentation algorithms could be applied. The hereby assessed total nu-
cleus area A, ;, coincided well with the total nucleus area A, ; under semi-automatic
segmentation (Table 5.5.1). Despite a successful identification of the cell nuclei it was
yet not possible to separate overlapping nuclei by such routine (Fig. 6.5.1).
Caspase-3/7 independent apoptotic pathways as well as other forms of cell kill (e.g.
necrosis) should additionally be considered to gain the total number of dying cells and

to hence estimate the tumor control.

78



6.5 Probing single cell fate after therapeutic ion irradiation

Table 6.5.1: P values of the log-rank test.

Group p value
lon type 0.0798
Number of nuclear hits | 0.0532
LET 0.227
Fluence 0.0856
Dose 0.0798

Figure 6.5.1: Automatic nuclei segmentation using the Drag5 channel. Only a section is displayed.
The perimeter of the identified nuclei is indicated in white. With the algorithm used it is not possible
to separate overlapping nuclei. Scale bar, 10 ym.
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7 Conclusions and Outlook

The novel hybrid detector Cell-Fit-HD was successfully developed and validated. The
hybrid comprises the fluorescent nuclear track detector (FNTD) — a cell substrate as
well as a detector for particle track visualization and reconstruction. A viable cell coat-
ing of the FNTD (the physical compartment) adds additional biological compartment
and thus forms the hybrid composite. Cell-Fit-HD provides full 3D visualization and
direct spatial correlation of single ion tracks and the corresponding subcellular dam-
age sites. It allows to extract microscopic physical parameters of each detected ion
and to correlate them to the cellular damage response pattern. The read-out in-situ
by a single CLSM, available in many state-of-the-art life science research facilities, is
the key feature of this radiobiological tool. Neither a removal of the biological nor
post-irradiation chemical processing of the physical compartment are required for the
read-out. The unique spatial resolution limited only by the employed method of optical
microscopy allows the Cell-Fit-HD to be applicable in clinical ion beams. The hybrid
detector is not restricted to any irradiation facility.

Validation studies revealed the functionality of Cell-Fit-HD on different length- and
time scales in IBCT (Fig. 7.0.1). Besides the demonstrated correlation of the physical
energy deposition (i.e. the ion tracks) to the radiation-related cellular events on the
subcellular and single cell level, the hybrid detector principally sets no constraints for a
correlation on greater length scales. The biocompatible surface of the FNTD allowing
for prolonged and sterile cell culture promises to coat with cell structures from living
tissue (ex-vivo) as well as 3D cell culturing in order to establish a model more repre-
sentative of the in-vivo state. At the moment the working distance of the objective
(around 180 pum) imposes the major restriction on the cell layer height.

The hit-response analysis is not restricted to a single glimpse in time. The ability
for live-cell imaging of the biological compartment (without affecting the 3D informa-
tion stored in the physical compartment) enables not only spatial but also important
temporal correlations studies over a longer time-period. Combined with a subcellular
resolution, cell-killing effects in the vicinity of a particle hit can be studied in order to
identify other critical targets than the nucleus. Simultaneously, the radiation-related
molecular mechanism can be related to the cell survival kinetics (and hence tumor
control) of the biological compartment on greater time scales.

Despite the currently limited parameterization of the penetrating ion registered in the
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7 Conclusions and Outlook

physical compartment, it yet allows for unique correlations between microscopic bio-
logical response quantities and microscopic beam parameters. By optical nanoscopy
it could be even possible to reveal substructures of a single physical energy deposition
event. This can help to refine the current standard model for predicting biological dam-
age from ionizing radiation and to model tissue response as a function of a plethora
of physical and biological constraints. Making a transition back from a microscopic to
a macroscopic scale (i.e. the whole tumor) could help to adjust therapeutic ion beam
parameters, elucidate the superiority of IBCT for the treatment of certain tumors, and
estimate the effect of normal tissue complication. These studies will be valuable in the
search for a more appropriate parameter for the quantification of tumor response to
IBCT than the dose absorbed.

The simple design of Cell-Fit-HD and its confocal read-out as well as the possibility of
carrying out conventional cell labeling and detection experiments (as with cells grown
on ordinary substrates) could be instrumental for research in radiobiology laboratories
with limited access and expertise in detector technology. A very short irradiation time
(less than 10 s for a single Cell-Fit-HD) makes experiments under therapeutic condi-
tions feasible.

Collectively, Cell-Fit-HD could provide a basis for future radiobiological experiments
to gain a deeper understanding between particle hits and resulting biological effects

beyond the statistical relations we know today.

Time Incident ions
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y /
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Tumor cell £
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ps | Ldeposition
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Figure 7.0.1: Current status of biological response to ion irradiation on a multi-scale approached by
Cell-Fit-HD. Principally, there is no limit to achieve correlation on greater length scales (e.g. tumor).
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A

Materials for cell biology

Table A1: Important consumables for engineering Cell-Fit-HD. Standard consumables for cell culture

are not listed.

Consumables

Company and Cat. No.

Parafilm M®, all-purpose laboratory film, 4In. x 125Ft.

Pechiney Plastic Packaging Inc., USA,
Cat. No. PM996

24 well cell culture multiwell plate, CELLSTAR®

Greiner Bio-One GmbH, Germany,
Cat. No. 662102

Table A2: Important chemicals for engineering Cell-Fit-HD.

Chemicals

Company and Cat. No.

Albumin Fraktion V, (BSA)

Carl ROTH, Germany, Cat. No. 8076.2

Bovine fibronectin, without bovine serum albumin

R&D Systems, USA, Cat. No. 1030-FN-01M

Dulbecco's phosphate buffered salt solution (DPBS)

PAN Biotech GmbH, Germany,
Cat. No. P04-36500

Fetal Bovine Serum (FBS)

Biochrom AG, Germany, Cat. No. S 0615

Penicillin-Streptomycin

Life Technologies, USA, Cat. No. 15140-122

Triton X-100

Roche Diagnostics, Cat. No. 11332481001

Trypan blue solution

Sigma-Aldrich Co. LLC, USA, Cat. No. T8154

Trypsin-EDTA solution

PAN Biotech GmbH, Germany,
Cat. No. P10-023100

UltraPure ™ Agarose

Life Technologies, USA, Cat. No. 16500500
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Table A3: Commercial staining kits used for the biological compartment.

Chemicals Company and Cat. No.
Albumin Fraktion V, (BSA) Carl ROTH, Germany, Cat. No. 8076.2
Bovine fibronectin, without bovine serum albumin R&D Systems, USA, Cat. No. 1030-FN-01M

PAN Biotech GmbH, Germany,

Dulbecco's phosphate buffered salt solution (DPBS) Cat. No. P04-36500

Fetal Bovine Serum (FBS) Biochrom AG, Germany, Cat. No. S 0615
Penicillin-Streptomycin Life Technologies, USA, Cat. No. 15140-122
Triton X-100 Roche Diagnostics, Cat. No. 11332481001
Trypan blue solution Sigma-Aldrich Co. LLC, USA, Cat. No. T8154

PAN Biotech GmbH, Germany,
Cat. No. P10-023100

UltraPure ™ Agarose Life Technologies, USA, Cat. No. 16500500

Trypsin-EDTA solution

Table A4: Antibodies used for immunofluorescence staining.

Antibodies Company and Cat. No.

Glucose transporter Glutl primary antibody Abcam®, UK, Cat. No. ab652
Phospho-histone-specific primary antibody 100X Cell Biolabs, USA, Part No. 232101
Secondary antibody Alexa Fluor 488 goat anti-mouse | Molecular Probes®, Life Technologies, USA,
IgG conjugate Cat. No. A-11029

Secondary antibody Alexa Fluor 555 goat anti-mouse | Molecular Probes®, Life Technologies, USA,
IgG conjugate Cat. No. A-21422

Table A5: Cell culture media. All culture media were supplemented with 10% FBS and 1% penicillin-
streptomycin. All media were stored at 4°C until use.

Culture media Company and Cat. No.

DMEM/Ham's F-12 liquid medium Biochrom AG, Germany, Cat. No. FG 4815
Dulbecco's modified Eagle medium (DMEM) Biochrom AG, Germany, Cat. No. FG 0415
Roswell Park Memorial Institute (RPMI) 1640 medium | Biochrom AG, Germany, Cat. No. FG 1215

Table A6: Human and murine cell lines used for the cell coating of the FNTD. PC3, A549 and
A431 cells were obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Germany), U87 cells were obtained from American Type Culture Collection (ATCC, USA) and SMA-
560 cells were kindly donated by Dr. Wolfgang Wick, Clinical Cooperation Unit Neurooncology,
German Cancer Research Center, Heidelberg, Germany.

Human and murine cell lines

Human epidermoid carcinoma (A431) cells

Human glioblastoma (U87) cells

Human lung adenocarcinoma epithelial (A549) cells

Human prostate cancer (PC3) cells

Murine astrocytoma (SMA-560) cells
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Photon-dose response correction

Photon-dose response correction was applied for the FNTD read-out signal only for
doses greater than 50 Gy. Below this threshold the read-out signal was assumed to
be linearly rising with increasing dose. The saturation dose was 83.3 Gy [39]. The

response correction was computed with libamtrack [24].

1.0 -
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Figure A1l: Photon-dose response curve of the FNTD.
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Survival distribution

Survival

Survival

Survival

Figure A2: Survival curves. Survival was defined as (1- apoptotic index). The cells were grouped
according to the median of the microscopic beam parameters assessed in the nucleus. Survival was
calculated for each sub-group. (A) Cells were also categorized whether their nucleus was primarily
traversed by carbon ions or lighter fragments. Time point 0 refers to the actual irradiation. Imaging
started 1 h after irradiation (time point 1). The time interval between two consecutive time points
was approximately 45 min. The total imaging time was approximately 19 h. Cells which were still
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» We parameterized the intensity profile of a single ion gained by the FNTD read-out.
» Maximum intensity signal of acquired FNTD images seems to be a surrogate for LET.
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» FNTD were read out by STED microscopy with a resolution beyond diffraction limit.
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Knowledge about the mechanisms linking physical energy deposition and biological response in ion
cancer beam therapy and space research is still limited. We sought to develop a novel detector system
based on fluorescent nuclear track detector (FNTD) covered with a viable cell-layer to gain spatial cor-
relation between ion traversal and cellular damage on a pm scale. We investigated the possibility to gain,
in addition to track location, information on ion type and energy from a single particle track by the FNTD
read-out. To access both parameters we aimed to find surrogates for the local energy transfer (LET) of the
incident ion and the maximum secondary electron range in the detector material as those quantities are
related to the ion type and energy. We parametrized the intensity profile of the fluorescent signal of a
single ion by the maximum intensity signal and full width half maximum (FWHM). The first seems to be
a suitable surrogate for the LET of the incident particle whereas the latter is only a limited measure for
the maximum secondary electron range in detector material.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

nuclear track detector (FNTD, Fig. 1A) (Akselrod and Sykora, 2011)
and a cell layer on the inert detector surface. It enables a co-

To understand the fundamental molecular mechanisms of ion
radiotherapy, colocalisation studies of energy deposition and
cellular response are of essential importance. A lack of sensitive
biocompatible detectors providing sufficient information on phys-
ical beam parameters and biological damage hampers these
studies. We are therefore developing a novel cell/fluoresecent-
crystal hybrid-detector. It is based on a biocompatible, fluorescent

* Corresponding author. Tel.: +49 6221 422633.
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http://dx.doi.org/10.1016/j.radmeas.2013.01.060

detection of the tracks of traversing ions and the subsequent bio-
logical damage in the cell layer after particle irradiation on a pm
scale (Fig. 1B, unpublished results). The detector and the cell layer
in situ are read-out by the very same commercial confocal laser
scanning microscope (CLSM).

Here we present a first investigation on the feasibility to extract,
in addition to track location and direction, information on ion type
and energy from a single particle track. To obtain this information,
simultaneous measurements of local energy transfer (LET) and the
maximum range of the secondary electrons in the detector material
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Fig. 1. Photo of the Al,03:C,Mg crystal and FNTD detectors cut from it (A) and fluorescent image (B) illustrating spatial correlation (dashed rectangle) between single ion traversal
and cell damage. FNTD was coated with confluent lung caner (A549) cell layer. Spatial correlation (maximum intensity z projection) between single carbon ion traversals (red spots)
and subsequent DNA double strand breaks (y-H2AX, immunofluorescent staining, green spots). Cell nuclei are labeled in blue (HOECHST staining). Scale bar, 5 um. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

seem to be most reasonable, as those quantities are related to the
ion type and energy via the shape of the radial dose distribution.

In order to assess both LET and maximum range from acquired
FNTD images we investigated in this paper the suitability of the
following parameters: maximum intensity signal, full width half
maximum (FWHM) and background of the intensity profile of the
fluorescence signal in an ion track by a) direct measurement and b)
by fitting a two-dimensional Gauss-curve to the track intensity data
and extracting its parameters.

2. Materials and methods
2.1. Alb0O3:C,Mg based FNTDs

FNTD alumina crystal lattice is doped with magnesium and car-
bon ions creating fluorescent color centers Ff* (2Mg) (Akselrod and
Sykora, 2011). By exposing the detector to ionizing radiation these
aggregate defects undergo radiochromic transformation. The altered
color centers absorb light in the band centered at 620 nm, prompting
fast 750 nm fluorescence. F%*(ZMg) color centers can be excited at
435 nm optical absorption band and emit fluorescent light at 515 nm.
FNTDs are sensitive for ions with LET > 0.5 keV/um (Osinga et al.,
2013). They have very high detection efficiency close to 100% for
entire spectrum of primary particles and fragments at energies
found in ion-beam cancer therapy (Osinga et al., 2013).

2.2. Irradiation of FNTDs

For a reference data set, FNTDs were irradiated with mono-
energetic beams of particles from a wide range of ion types and
energies (Table 1). The detector surfaces were thereby always
aligned perpendicularly towards the incident beam. Irradiations
were performed with the therapy beam of the Heidelberg lon Beam
Therapy Center (HIT) at Heidelberg University Hospital, Germany, at

Table 1

RADiation Effects Facility RADEF at the University of Jyvaeskylae,
Finland, at SNAKE, Maier-Leibnitz-Laboratorium, Munich, Germany,
and at the Max Planck Institute for Nuclear Physics in Heidelberg,
Germany. For high energy irradiation we placed the detector in the
entrance channel of the ion beam. Low energy irradiations were
performed in vacuum.

2.3. Confocal read-out of FNTD

For the detector read-out we used the CLSM 710, Confocor 3
(Zeiss) equipped with a z-piezo stage, 63x/1.45 NA (numerical
aperture) Oil DIC M27 objective, APD/PMT/T-PMT detection. We
used the protocol as described in (Greilich et al., in this issue). The
excitation laser power was adjusted to avoid saturation of the APD
(p = 86%, 633 nm Helium—Neon laser). Pixel dwell time 7 was set to
89,6 ps and the line-scanning repetition R was limited to 4. A single
imaging field comprised 1152x1152 pixel with a pixel size of
0.117 um to meet the Nyquist criterion. The microscope detector
pinhole aperture was set to 1 Airy disk unit (AU). The read-out depth
was adjusted to approx. 30 pm measured from the detector surface.
For Mg-24, S-32, Fe-56, Kr-84 and Xe-131 ions the read-out depth
was limited to 10 pm as the traversing ions stopped in the FNTD
after approximately 30 pm. For imaging, the FNTD was placed in
uncoated glass bottom dish (MatTek Corp.). Zeiss Immersol™518 F
was used as an immersion fluid. Due to saturation effects of the APD
the detected count-rate ngetected (fluorescence signal N is converted
into count-rate n by n = N/(R-1)) was converted into the actual rate
Nactual DY Nactual = —0-In (1—7detected/n0) With an average saturation
rate 7o of 18 MHz.

2.4. Image processing

We extracted and subtracted the inhomogeneous background of
all acquired images using the histogram-based Mosaic background

Particle spectrum for FNTD irradiation. lons with energies labeled with * were irradiated in vacuum. LET and e— range values in alumina were calculated using libamtrack

(Greilich et al., 2010).

Particle type Energy [MeV/u]

LET in AI203 [keV/um]

Max. sec. e~ range in Al203 [um]

H-1 3.00%, 6.00%, 12.00%, 21.00%, 49.37 34.64, 20.79, 12.27, 7.90, 4.00 0.08, 0.26, 0.86, 2.23, 9.53

C-12 4.00%, 91.14, 114.60, 152.05, 224.81, 428.77 951.80, 90.23, 76.92, 62.68, 48.59, 34.42 0.13, 27.02, 39.88, 64.50, 125.39, 375.80
Mg-24 4.00* 3203.60 0.13

S-32 3.13* 5524,17 0.09

Fe-56 5.19%,9.30* 9457.75, 7517.21 0.21, 0.56

Kr-84 9.30* 12 337.28 0.56

Xe-131 5.50% 9.30* 24 246.50, 21 687.85 0.23, 0.56
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Fig. 2. FNTD read out signal of (A) C-12 91.14 Mev/u and (B) Xe-131 9.30 MeV/u irradiation. The track core is encoded by dark red. The track spots were masked with a disk of radius
10 (A) and 20 (B) pixel. Pixels outside the disk are set to zero. Scale bar, 2 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2
Parameters extracted from the intensity profile of a track-spot by direct mea-
surements and by a 2D Gaussian fit.

Direct measurements

0l Absolute max. count rate

FWHM Full width half maximum of a track spot
2D Gaussian fit

A Gaussian peak amplitude
a Gaussian peak width
B Small-scale background

subtractor (Cardinale, 2010) with a sliding window of length 15.
The track spots were identified using the Mosaic particle tracker
(Helmuth et al., 2009) with following parameters: radius (cut-off):
3 pixel (0.3), the percentile varied between 0.01 and 0.3. For Xe-131
radius was set to 6 pixel. To define a region of interest (ROI) all
identified track spot centers (xp,yo) were masked by a disk of radius

Fig. 3. Correlation between the mean maximum actual count rate 7,q Of a track
spot and LET of the incident particle. The error bars show the standard deviation. The
disk radius for the track-spot masking is 15 pixel for all particle types and energies.
Inserts: (A) fitting of H-1 and C-12 count-rates (except C-12 4 MeV/u) by a straight line.
(B) Mean maximum detected count rates 7geecteq Sorted in ascending order. Above
10 MHz saturation effects occur.

rq with 5 < ry < 20 pixel (Fig. 2). To exclude incomplete or over-
lapping track spots the area of the ROI had to be in the interval
[0.95- rﬁ'rt; 13- rgn}. For the analysis of the intensity profile of a track
spot (Table 2) all pixels within the ROI were considered. For each
selected track spot the maximum count-rate 7 was extracted and
the FWHM of the count-rate distribution was computed by

FWHM = +/4Apy/T. (1)

It is the diameter of a circle with the area Apw of all pixels with 7
> 0.5-7. The selected track spots were also fitted by a 2D sym-
metrical Gauss function

n(x,y,A,0,B) = A/ (27502) ~exp< —0.5/0? ((x — Xo)?
+(-y0)°))+B (2)

with the peak value A = A/(2me?) and a constant term B ac-
counting for small-scale background not subtracted by the initial

Fig. 4. Correlation between the mean FWHM of a track spot (7detectea) and the
maximum secondary electron range as a measure for the energy of the incident par-
ticles. The error bars show the standard deviation. The disk radius for the track-spot
masking is 15 pixel for all particle types and energies. There seems to be a linear
relationship for track spots with a FWHM >0.5 um. Insert: mean FWHM sorted in
ascending order.
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Fig. 5. Fit results gained by 2dim Gauss fitting of the track spots (7getected)- Values of
the mean Gaussian peak amplitude A and mean ¢ are sorted in ascending order with
respect to the atomic number and energy of the incident particle. (A) The value of Ais
declining with increasing energy within a particle type. Insert: the background B is
rising with increasing atomic number. (B) Mean ¢ is nearly constant for ions lighter
than Fe-56. Insert: The corresponding mean FWHM gained by the fit nearly coincides
(except Xe-131) with the mean FWHM gained by track spot characterisation.

background correction. FWHM and ¢ are
FWHM = 2v2In2-0.

For each particle irradiation approximately 100—200 track spots
were analyzed.

related by

3. Results
3.1. Direct measurement: 3 and FWHM

In Fig. 3 the mean maximum count-rate 7 ., is correlated to the
LET of the incident ion. In general the count-rate is increasing with
rising LET — it follows an approximately exponential function
(Sykora et al., 2008). Insert B shows the mean %getected, SOrted in
ascending order. Above 10 MHz significant saturation effects occur
(Greilich et al., in this issue), leading to great discrepancy between
Ndetected aNd Nacrual- The detected and actual rates for Fe-56, Kr-84
and Xe-131 ions have therefore to be considered with some reser-
vation. In the LET interval [0; 100 keV/um)] a linear relationship can
be assumed to a first approximation, applying simple linear
regression analysis (insert A). In this interval, a mean variation of the
actual count-rate of 10% (mean standard deviation of 7 ,¢¢ya for H-1
and C-12) translates into a LET uncertainty of about 14%.

In Fig. 4 the mean FWHM of the track spots is plotted against the
maximum secondary electron range in alumina. There seems to be
a linear trend for track spots with a FWHM greater than 0.5 um. For
the lighter ions (H-1 and C-12) there is no tendency for the FWHM
to increase with increasing particle energy. Concerning Fe-56 and
Xe-131 the FWHM is increasing with increasing energy of the
incident particle.

3.2. 2D Gaussian fit

We fitted the distribution of ngetecteq Of a track spot by a 2dim
Gaussian function to get an estimation of the net count-rate.
Following disk mask radii seemed to be most suitable: 10 pixel
(H-1 and C-12), 15 pixel (Mg-24 and S-32) and 20 pixel (Fe-56, Kr-
84 and Xe-131). These radii ensure a suitable trade-off between
sufficient background signal (characterized by the constant back-
ground term B) in the ROI and not to exclude too many track spots
by overlapping ROIs. Fig. 5 shows the mean Gaussian peak ampli-
tude A and corresponding mean ¢ of the fitted track-spots. Within a
single particle type the count rates are sorted in ascending order
with respect to the energy of the incident ion (Fig. 5A). It is obvious

Fig. 6. Fluorescent images of a carbon ion track using confocal (A) and STED (B) microscopy after irradiation perpendicular to the detector surface. The pixel intensities of both
image planes were scaled to the corresponding maximum. The diameter of a track spot could be reduced by a factor of two by the STED read-out. Scale bar, 572 nm. Courtesy of

M. Henrich and J. Engelhardt, Division of Optical Nanoscopy, DKFZ, Heidelberg.
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(except Xe-131) that within a particle type Ais declining with rising
particle energy (and hence declining LET). Except Mg-24 and S-32 A
is also rising with increasing atomic number of the incident ion. The
solid rectangles show the corresponding mean %gegected gained by
track spot geometry analysis. Except for Xe-131 the values obtained
by the Gaussian fit and the ones obtained by track spot analysis
coincide. There is also a tendency that with rising atomic number
(and rising disk mask radius) background pedestal (B) is increasing
(insert, Fig. 5A).

For H-1 — S-32 ions ¢ hardly varies (Fig. 5B) but there is a sig-
nificant increase of ¢ and corresponding FWHM (insert, Fig. 5B) for
particles heavier than S-32. Again, except for Xe-131 the FWHM
values coincide with the FWHM values (solid rectangles) obtained
from track spot geometry analysis.

4. Discussion

Both maximum count-rate 7 and Gaussian peak amplitude Aare
rising with increasing LET of the incident particle (Figs. 3 and 5A).
Due to a different read-out depth of 10 pm and 30 um the actual 7
(and A)-LET dependency could differ slightly especially for the low
energy particles. Within this depth the incident particles are inter-
acting with the alumina and therefore loosing kinetic energy. Also,
color center concentration inhomogeneity between FNTD crystals
can cause small variations in 7 and A interfering the comparability
(and reproducibility) and hence the actual LET dependency.

A broadening of the track spot by the point spread function (PSF)
of the imaging system masks the actual FWHM-secondary electron
range dependency (Fig. 4). For particles with a track spot diameter
<0.5 pm the diameter of the PSF seems to dominate (insert, Fig. 4).

The mismatch between detected and fitted maximum count
rates (77 and /7\) and the calculated and fitted FHWM for heavier ions
(Fig. 5) could mainly be caused by the increasing track-spot pen-
umbra and detection saturation effects.

5. Conclusion

We characterized the single ion’s signature by its maximum
fluorescence intensity (characterized by the APD count rate) and
the track size (characterized by FWHM of the Gaussian fit of the
track intensity distribution) to obtain a quantitative dependence for
measuring ion’s LET as well as maximum secondary electron range
and hence retrieve information on ion type and energy. The
maximum count-rate, whether detected or obtained by Gaussian fit
seems to be a suitable parameter to measure the LET of the incident
particle. Concerning the clinically relevant LET range [0; 100 keV/
um] we are already able to translate the detected read-out signal
into a LET value with an uncertainty of approximately 14% and
hence retrieve information on the energy of the incident ion. The
FWHM (obtained by direct measurement or Gaussian fit) however
seems to correlate with the maximum secondary electron range

only for ions heavier than C-12. Nanoscopic analysis beyond
diffraction limit by Stimulated Emission Depletion Microscopy
(STED) (Hell, 2007) (Fig. 6) could help to increase resolution by
decreasing the diameter of the PSF and hence make important
progress in the track structure characterisation.
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Abstract

hybrid detectors (Cell-Fit-HD).

Background: The lack of sensitive biocompatible particle track detectors has so far limited parallel detection of
physical energy deposition and biological response. Fluorescent nuclear track detectors (FNTDs) based on Al,O3:C,Mg
single crystals combined with confocal laser scanning microscopy (CLSM) provide 3D information on ion tracks with a
resolution limited by light diffraction. Here we report the development of next generation cell-fluorescent ion track

Methods: The biocompatibility of FNTDs was tested using six different cell lines, i.e. human non-small cell lung
carcinoma (A549), glioblastoma (U87), androgen independent prostate cancer (PC3), epidermoid cancer (A431) and
murine (VmDKk) glioma SMA-560. To evaluate cell adherence, viability and conformal coverage of the crystals different
seeding densities and alternative coating with extracellular matrix (fibronectin) was tested. Carbon irradiation was
performed in Bragg peak (initial 270.55 MeV u™"). A series of cell compartment specific fluorescence stains including
nuclear (HOECHST), membrane (Glut-1), cytoplasm (Calcein AM, CM-Dil) were tested on Cell-Fit-HDs and a single
CLSM was employed to co-detect the physical (crystal) as well as the biological (cell layer) information.

Results: The FNTD provides a biocompatible surface. Among the cells tested, A549 cells formed the most uniform,
viable, tightly packed epithelial like monolayer. The ion track information was not compromised in Cell-Fit-HD as
compared to the FNTD alone. Neither cell coating and culturing, nor additional staining procedures affected the
properties of the FNTD surface to detect ion tracks. Standard immunofluorescence and live staining procedures could
be employed to co-register cell biology and ion track information.

Conclusions: The Cell-Fit-Hybrid Detector system is a promising platform for a multitude of studies linking biological
response to energy deposition at high level of optical microscopy resolution.

Background

To better understand the molecular mechanisms govern-
ing the radiobiological effects of particle therapy or space
radiation simultaneous detection of cellular response and
physical energy deposition is desired. Moreover, the grow-
ing field of particle therapy using protons and heavier
ions (e.g. carbon) urgently needs novel means of bio-
logical dosimetry to accurately account for difference in
relative biological effectiveness (RBE) [1], as a function
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TDivision of Medical Physics in Radiation Oncology, German Cancer Research
Center, INF 280, 69120 Heidelberg, Germany

German Cancer Consortium (DKTK), National Center for Radiation Research in
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Heidelberg, Germany
Full list of author information is available at the end of the article
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of a plethora of particle variables such as location of
ion traversal, ion type, energy and linear energy transfer
(LET).

Earlier approaches to correlate physical radiation
parameters with biological endpoints like cell survival
(e.g. BIOSTACK experiment [2,3] and cell-coated CR39
detectors [4]) were hindered by a limited set of physical
parameters that could be obtained. In addition, inability to
autoclave the detector before cell deposition hindered the
sterile cell cover.

Here we devise a novel strategy to establish a cell-
fluorescent ion track hybrid detector (Cell-Fit-HD) based
on fluorescent nuclear track detectors (FNTDs, Figure 1a).
ENTDs based on Al,O3:C,Mg single crystals provide
almost 100% detection efficiency of ion tracks imaged
by confocal laser scanning microscope (CLSM) [5,6].

© 2013 Niklas et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Fluorescent nuclear track detector (FNTD). (a) Two FNTDs (8 x 4 x 0.5 mm3). Courtesy of M.S. Akselrod, Landauer Crystal Growth
Division. (b) Fluorescent image of the 270.55 MeV u~" carbon-ion tracks propagating perpendicular to the FNTD crystal surface. The brightest spots
(physical energy deposition events) are attributed to carbon ions with a full width half maximum (FWHM) of approximately 500 nm [9]. The smaller,
less intense spots to less densely ionizing particles like protons. The small structures around the carbon ion tracks arise from secondary electrons
(sec e-) [10]. Insert: magnification of a single track spot. The track core is encoded by dark red. Scale bar, 5 um. () FNTD image after carbon
irradiation (initial 270.5 MeV u~") parallel to the polished crystal surface. Secondary electron structures (small trajectories branching from the ion
track) are visible. Instead of homogeneous energy deposition discrete blobs (bright spots) occur along the particle tracks. This is an illustration of
stochastic nature of energy deposition along the heavy charged particle track. Courtesy of F. Lauer. Scale bar, 5 wm.

3D information on energy deposition of ion tracks was
obtained with diffraction-limited resolution and a mul-
titude of physical parameters derived, such as location,
direction, and possibly particle type and LET [6-9].

To develop the Cell-Fit-HD, the Al;03:C,Mg crystal was
autoclaved and coated with different human and murine
cell lines to form a cell-crystal hybrid sample. We report
here the successful development of protocols to grow
human and murine cells on FNTDs to create a viable cell
layer. To evaluate potential spectrum of applications for
Cell-Fit-HD, we successfully tested different staining and
fixation protocols for co-detection of different biological
compartments and radiation particles parameters. Here,
we demonstrate the feasibility of sequential read-out of
the physical and biological information using CLSM with-
out removing the cell layer from the Al;O3:C,Mg single
crystal. The Cell-Fit-HD technology may provide a novel
tool for of spatial correlation between biological readouts
and single ion traversals.

Methods

Al;03:C,Mg based FNTDs

The FNTDs are made of aluminum oxide single crystals
doped with magnesium and carbon ions (@-Al;03:C,Mg).
The fluorescent color centers in these crystals are
F22+ (2Mg)-centers. They are the aggregate defects formed
by two oxygen vacancies and two Mg-ion impurities [6].
Pristine F22+(2Mg) color centers can be excited at 435
nm optical absorption band and emit fluorescent light at
520 nm. By exposing the detector to ionizing radiation,
secondary electrons are generated, captured by the defects
and transform them into F; (2Mg) color centers. The
radiation-transformed color centers have different optical
properties: they absorb light in a band centered at 620 nm
light, prompting fast 750 nm fluorescence. The intensity

of this radiation-induced 750 nm fluorescence depends on
local energy deposition of ionizing radiation. Accordingly,
FENTDs allow for high spatial resolution particle track
visualization by confocal microscopy [6] (Figure 1b,c) and
subsequent 3D particle track reconstruction [7,11]. The
system is sensitive for ions with LET > 0.5 keV um~!
[5,8]. ENTD offers a detection efficiency close to 100% for
the entire spectrum of primary particles and fragments at
energies found in ion beam cancer therapy [5]. The cur-
rent limit of maximum accessible track fluence is in the
range of 5 - 107 cm™2 [5], relevant to fluences providing
clinical doses.

Cell cultures and characterization

All cells and Cell-Fit-HD were cultured in humidified
atmosphere under standard culture conditions (37°C, 5%
COy). Human lung adenocarcinoma epithelial (A549) and
human glioblastoma (U87) cells were cultured in Dul-
becco’s modified Eagle medium (DMEM, Biochrom AG,
Berlin, Germany, Cat. No. FG 0415). Human epider-
moid carcinoma (A431) and human prostate cancer (PC3)
cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Biochrom AG, Cat. No. FG 1215).
Murine astrocytoma (SMA-560) cells were cultured in
DMEM/Ham’s F-12 liquid medium (Biochrom AG, Cat.
No. FG 4815). All culture media were supplemented with
10% Fetal Bovine Serum (FBS, Biochrom AG, Cat. No. S
0615) and 1% penicillin- streptomycin.

PC3, A549 and A431 cells were obtained from
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen (DSMZ, Braunschweig, Germany), U87 cells were
obtained from American Type Culture Collection (ATCC)
and SMA-560 was kindly donated by Dr. Wolfgang Wick,
Clinical Cooperation Unit Neurooncology, German Can-
cer Research Center, Heidelberg, Germany.
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Cell-coating of FNTDs

FNTDs were autoclaved and washed in Dulbecco’s
Phosphate-Buffered Saline (DPBS). For direct coating
each FNTD was placed in a well of a multi-well plate (24
Well Cell Culture Multiwell Plate, CELLSTAR®, Greiner
Bio-One) and the polished surface was covered with cells
at different plating densities, from 20 - 103, 100 - 103,
300 - 103 to 400 - 10®> ml~1, 0.5 ml per well. The Cell-Fit-
HDs were kept in humidified atmosphere until a conflu-
ent monolayer had developed. The medium was changed
the first time after 24 h and then in 48 h intervals and
the cell layer was tightly monitored using a wide-field
microscope equipped with phase contrast filter (Axiovert
40C, Zeiss). To test the feasibility of FN'TD surface coat-
ing with extracellular matrix components, FNTDs were
placed in a multiwell plate filled with fibronectin (Bovine
Fibronectin, without Bovine Serum Albumin, R&D Sys-
tems, Minneapolis, USA) at different concentrations (1,
2.5, 5, 10 or 20 ng 171, diluted with DPBS) and incu-
bated for 50 min at humidified atmosphere. After incu-
bation FNTDs were gently washed twice with DPBS and
covered with cells. Pre-coated FNTDs were sonicated for
15 min and washed with DPBS to remove any solid left-
overs before autoclaving them for reuse.

Cell labeling and immunofluorescence staining

To test whether the FNTD, as a substrate, interferes with
standard fixation and staining procedures, the cell layer of
the hybrid detector was labeled with a series of dyes.

Cells were labeled with a fluorescent dye often used in
life cell imaging, Cell-tracker CM-Dil Molecular Probe®,
Cat. No. C700) at a concentration of 1.5 ug 17! in DPBS
(1 ml) for 8 min at humidified atmosphere first and
then for additional 15 min at room temperature (RT).
After labeling, cells were gently washed twice with DPBS.
Finally, the Cell-Fit-HD was placed in fresh cell cul-
ture medium. For imaging of CM-Dil Leica DM IL LED
inverted widefield-microscope equipped with a mercury
lamp, CY3 green filter cube and a CCD camera (Leica
DFC420 C) were used.

To test viability, A549 cells were stained with
1073 mol m™3 calcein acetoxymethly ester (Calcein AM,
Molecular Probes®, Cat. No. C1430). Prior to staining
the cell layer was washed with DPBS. After incubation
(RT) for 30 min, cells were gently washed with DPBS.
For Calcein AM imaging the inverted CLSM 710, Con-
focor 3 (Zeiss) was equipped with 488 nm Argon laser
line, EC Plan-Neofluar 40x/1.30 oil objective, main
beam splitter (MBS) 488 nm and PMT detection (detec-
tion window: 493- 617 nm). As Calcein was the single
dye detected, there was no potential spectral overlap
within this window. In case of multiple dyes the win-
dow could be narrowed around the emission peak at
513 nm.
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For membrane and nuclear dual staining, glucose
transporter (Glutl) specific antibody and a standard
immunofluorescence (IF) protocol were employed. A549
cells were fixed with 4% paraformaldehyde (PFA) in PBS
for 10 min (RT). Cells were washed with PBS. After fix-
ation, cells were permeabilized with 0.1% Triton X-100
in PBS (10 min, RT), washed with PBS, blocked in PBS
containing 2% bovine serum albumin (BSA) (30 min, RT),
and washed with PBS again. Glutl specific primary anti-
body (Abcam®, Cat. No. ab652) was used in a dilution of
1:200 in 1% BSA in PBS with 1 h incubation at RT. After
the washing step with PBS containing 1% BSA secondary
antibody Alexa Fluor 555 goat anti-mouse IgG conjugate
(Molecular Probes®, Cat. No. A-21422) was used in dilu-
tion of 1:1000 in 1% BSA/ PBS by incubating for 1 h at
RT. Cells were washed with PBS containing 1% BSA. For
nuclear counter staining, cells were incubated for 5 min
(at RT) in HOECHST 33342 (Molecular Probes®, Cat.
No. H1399)/ PBS solution with a final concentration of
2 g ml~! and washed with PBS. The CLSM 710 Con-
focor 3 equipped with an EC Plan-Neofluar 40x/1.30 oil
objective was used for imaging of the Glutl/HOECHST
dual staining. We used the 405 nm diode laser line for
HOECHST 33342 and 561 nm Argon laser line for Alexa
Fluor 555. The MBS 458/561 nm and MBS 405 nm were
used for detection of Alexa Fluor 555 and HOECHST
33342 respectively. The detection window for emitted flu-
orescent light of Alexa Fluor 555 and HOECHST 33342
were 566-697 nm and 410-550 nm respectively.

For nuclear staining after irradiation of the Cell-Fit-HD,
the cells were fixed and stained with HOECHST 33342,
15 min post irradiation. For the fixation and IF proce-
dure the same protocol as for the Glutl/HOECHST dual
staining was used.

For imaging with CLSM 710, Confocor 3, the Cell-
Fit-HD was placed in uncoated glass bottom culture
dishes (MatTek Corp., Ashland, USA, Cat. No. P35G-
1.5-10-C). Zeiss Immersol™518 F was used as an im-
mersion medium. Fluoromount-G™ (SouthernBiotech,
Birmingham, USA) was used as a mounting medium for
all IF staining except HOECHST 33342 single stain. For
HOECHST 33342 single stain PBS was used. For live
imaging (Calcein AM, CM-Dil) cell culture medium was
used as mounting medium.

Irradiation setup for cell-coated FNTD

Carbon ion irradiations of Cell-Fit-HD were performed
with the therapy beam of the Heidelberg Ion Beam Ther-
apy Center (HIT) at Heidelberg University Hospital. The
ion beam fluence was adjusted to 1.5-10° cm 2 using con-
trols of the treatment system, resulting in an average of 1.3
hits per nucleus (assuming all nuclei to be of equivalent
size with an area of 10 x 10 um?). In total, a 12 x 12 cm?
field was irradiated homogeneously using raster scanning
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with a pencil beam of 10.1 mm in diameter (full width
at half maximum) and a distance of 2 mm between two
raster spots. Approximately 60,000 particles were deliv-
ered in each spot. The Bragg peak was extended by using
a 3 mm Ripple filter. The cell layer was placed in the rising
flank of the Bragg peak (initial carbon ion energy of 270.55
MeV u~!, corresponding equivalent range in water ry,o=
13.70 cm). As stopping material 11.7 cm of PMMA with
rH,0= 13.57 cm was placed in front of a multiwall plate (24
Well Cell Culture Multiwell Plate, CELLSTAR®, Greiner
Bio-One) containing the cell-coated FNTDs (see Addi-
tional file 1: Figure S1). The multiwell plate was placed
perpendicular to the incident beam. Irradiation setup in
experimental room at HIT with horizontal beam propaga-
tion requires vertical positioning of samples. The FNTD
crystals are 0.5 mm thick with equivalent range in water
rH,0= 1.65 mm. The back side of the FNTDs without cell
coating were facing the incident beam and were attached
to the bottom (polystyrene with ry,0= 1.2 mm) of the
multiwell plate by small agarose droplets. The air gap
between the culture well and the PMMA was not con-
sidered in the total ry,o. Culture wells were filled with
cell culture medium to keep the cell coating viable dur-
ing irradiation. The total amount of materials in front
of the iso center (vacuum exit window, beam applica-
tion monitoring system, air) corresponds to a ry,o of
2.89 mm.

Microscopy settings for sequential read-out of cell-coated
FNTD

For the sequential read-out of the FNTD component and
the cell layer of the Cell-Fit-HD, we used the CLSM
710, Confocor 3 equipped a 63x/1.45 NA oil objective,
APD/PMT/T-PMT detection.

For the FNTD read-out we used the protocol as
described in [10]. The ENTD crystals were scanned by the
633 nm Helium Neon laser line (100% transmission). A
main dichroic beam splitter (MBS) 488/561/633 nm was
used to separate the emission signal from the excitation
light. A 655 nm long-pass filter was used in fluorescent
emission path and the Avalanche Photo Diode (APD) for
emission detection was used in photon counting mode.
The microscope detector pinhole aperture was set to 1
Airy disk diameter unit (AU). The cell layer was imaged
with 405 nm diode laser line (30 mW, 4.0% transmission)
for HOECHST 33342. For the photomultiplier (PMT)
detection of HOECHST 33342, a MBS 405 nm was used
(detection window 410 nm - 495 nm). For the FNTD and
cell layer acquisition, we limited the line-scanning rep-
etition to 4 and a pixel dwell time to 2.80 us. In both
cases, the size of the imaging field was 134.784 x 134.784
um? with a total number of 1152 x 1152 pixels and a
pixel size of 0.117 x 0.117 um? (estimated according to
Rayleigh criterion). This results in a frame-acquisition
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time of 14.9 s. The acquired FNTD image stack was
adjusted to cover an axial range of about 120 um (mea-
sured from the detector surface) with a z-interval (Az)
of 3 um. This allows for accurate single ion track recon-
struction as described in [11]. The acquired cell layer stack
covered a range of about 10 um (Az= 0.3 um).

Results

FNTD crystals are biocompatible

To develop Cell-Fit Hybrid Detectors, first the adher-
ence, viability and growth of different human (A549,
A541, U87, PC3) and murine (SMA-560) cell lines on
the FNTD surface were tested. We were able to pro-
duce a viable and stable cell layer on the polished crys-
tal surface. Cells were seeded directly or after coating
with fibronectin as an intermediate layer to enhance cell
adhesion on the crystal surface (Table 1). We varied the
plating density and fibronectin concentration to optimize
the coating and to quantify cell proliferation kinetics.
SMA-560 (with fibronectin), PC3 (without fibronectin),
A431 (with/without fibronectin) and A549 (with/without
fibronectin) cells were able to form a uniform coating after
24 h using high seeding density (> 300,000 ml~!). In com-
parison, the proliferation rate of U87 cells (300,000 ml~1,
with/without fibronectin) was found to be lower. After
120 h these cells still formed a loosely packed network.
For A549 cell line, a uniform cell coating were also be
achieved after longer incubation time (after 48 h) using
lower plating density (100,000 ml~1).

At low seeding concentration (20,000 ml~!) the pro-
liferation rate of SMA-560 (with fibronectin) and U87
cells (with fibronectin) was decreased as compared to
cells growing on the cell culture treated surface, e.g. on
the bottom of the wellplates in which the Cell-Fit-HDs
were incubated. SMA-560 (with fibronectin) developed
a network of overlapping cells on the FNTD’s surface
after 120 h. Lower concentrations of fibronectin (2.5, 5 ng
ml~!) seemed to be favorable for both cell lines using low
seeding concentrations.

Concerning the morphology, all cells were spread and
flat. They exhibited the same shape as grown on stan-
dard cell culture treated surfaces under controlled con-
ditions (incubator, humid atmosphere). In general, the
epithelial tumor cell lines, A549, A431 and PC3 formed
a tightly packed monolayer in comparison with gliomas
SMA-560 and U87 developing networks of overlapping
cells. Figure 2a,b shows a section of a monolayer of A549
cells without additional fibronectin coating. Those cells
exhibited a cubic morphology.

Cell labeling and immunofluorescence staining of
Cell-Fit-HD

To evaluate the feasibility of co-detection of biologi-
cal information using fluorescence based cell stains on



Table 1 Cell-coating experiments

Cell line Seeding density [1/well] Fibronectin [ng/ml] Cell-coating
>24h >48h >120h
SMA-560 10 000 2.5,5,10,20 Single cells, no network Single cells, no network (¥) Network of overlapping cells
150 000 2.5,5,10,20 network of overlapping cells
150 000 - - - -
us7 10 000 2.5,5,10,20 single cells, no network single cells, no network (*) single cells, no network
150 000 2.5,5,10,20 loosely packed network
150 000 - loosely packed network
PC3 200 000 25 - - -
200 000 - tightly packed monolayer
A431 200 000 2.5 tightly packed monolayer
200 000 - tightly packed monolayer
A549 50 000 - - tightly packed monolayer
150 000 1,255 tightly packed monolayer
150 000 - tightly packed monolayer

The table shows the results of cell coating on the surface of FNTD crystals using different cell lines with and without a fibronectin intermediate layer. Each well contained 500 pl. Cell culture medium was exchanged every

48 h. (*) Proliferation rate is lower compared to cells grown on the untreated bottom of a culture well.
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Figure 2 A549 cell coating. (a) A549 cells cultured on the FNTD crystal surface starting to form a confluent monolayer. A typical island formation
with branching cells is clearly visible. Scale bar, approximately 200 «m (b) Magnified section of a confluent monolayer. The cells are tightly packed.
It is difficult to contrast cells from the transparent crystal substrate with light microscopy. Scale bar, 10 um. (€) CM-Dil labeled and proliferating cells
forming a confluent monolayer. Scale bar, approximately 200 um (d) Section of CM-Dil labeled monolayer reveals clear cytoplasmic coloring.
Cytoplasmic granules (multilamellar bodies) exhibit a strong fluorescent signal. Scale bar, approximately 20 um. (e) Cell layer is labeled with Calcein
AM to test cell viability. The outer red line indicates the cell membrane. The cell nucleus is defined by the inner red line. A strong perinuclear
fluorescent signal with many bright spots (cytoplasmic organelles) and round nuclei indicate good cell viability. Scale bar, 20 wm. (f)
Immunofluorescent labeling of cell nuclei by HOECHST 33342 stain. A uniform monolayer of proliferating cells is visible. Scale bar, 10 um. Images
(@), (c), and (d) were obtained by wide field microscopy whereas images (b, e, and f) were obtained in confocal fluorescent mode. Images (a)-(e)

show live cell stainings. In (f) cells are fixed with 4% PFA.

the surface of FNTDs, we applied various cell labeling
and immunofluorescence protocols on Cell-Fit-HDs. We
found that the FNTD crystal surface as a substrate is
compatible with all staining protocols tested. Calcein AM
labeling was used for live cell imaging and for deter-
mining the viability of A549 cells (Figure 2e). The high
levels of fluorescence signal as well as the shape of
the cell nuclei indicated good cell viability. The bright
spots are organelles (multilamellar bodies) in the cyto-
plasm with high esterase activity correlating with active
metabolism.

We used CM-Dil labeling as cell tracker dye to achieve
a better contrast between cells and the crystal substrate
(Figure 2c,d). This labeling is based on thiol-reactive
chloromethyl moiety that allows the dye to covalently bind
to cellular thiols. CM-Dil staining suggested exocytotic
activity of cells as small bodies with fluorescent signal are
present in intercellular space.

To estimate the cell density of tightly packed A549
coating we did immunohistochemical analysis and used
HOECHST as nuclear stain (Figure 2f). The bulk had a
cell density of approximately 6.3 - 10° cm~2. We combined
HOECHST with Glut-1 staining to visualize cell mem-
branes and to detect cell-cell adhesion (Figure 3). There
is strong accumulation of Glutl at the membrane thus

forming a sharply bounded network. Together, membrane
labeling with Glutl or CM Dil demonstrated that A549
cells maintained their tight epithelial cell-cell contact in
Cell-Fit-HD.

Irradiation of Cell-Fit-HD and sequential read-out

Placing the A549 cell-coated FNTD in a well filled with
culture medium allows for an easy handling and mounting
for the irradiation (Additional file 1: Figure S1). The cells
stayed alive during irradiation. The total irradiation time
(adjusting the ion-beam fluence to an average of 1.3 hits
per nucleus) was less than 10s.

After conventional fixation (using 4% PFA) and stain-
ing procedure for HOECHST (cells remained on FNTD)
the detector and the cell layer were imaged successfully
in two consecutive steps using the same CLSM (Figure 4).
No post-irradiation chemical processing of the FNTD or
removal of the cell layer was necessary.

When imaging the cell layer prior to the FNTD,
an increase in the detector background signal in the
surface region (first few pm) occur. We adjusted the scan
and detection parameters (see Methods) of the FNTD
read-out to achieve relatively fast acquisition (frame-
acquisition time of 14.9 s) without forfeiting much signal-
to-noise ratio (SNR).
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Figure 3 Membrane and nuclear staining of A549 Cell-Fit-HD. (a) Glucose transporter Glut1 staining visualizes the A549 cell membrane. Glut1 is
mainly accumulated at the membrane. The diffuse cytoplasmic signal may arise from permeabilisation during immunofluorescent staining. (b)
HOECHST staining as nuclear counterstain. (¢) Merging of Glut1 and HOECHST images. A549 cells form a tightly packed monolayer with strong
cell-cell adhesion. (d) A section of (a) with different color coding (blue-green-yellow) is shown. The distinct yellow bright spots indicate a discrete
strong accumulation of Glut1 at the membrane. Scale bars, 20 um. (a)-(d) were obtained by confocal fluorescent microscopy.

Figure 5 shows the spatial correlation between carbon
ion tracks and A549 cell layer gained after the sequen-
tial read-out. Compared to cell nuclei (diameter =~ 10
pm) single ion tracks visualized by track spots - the

! Afss
" FENTD
FNTD

Figure 4 Sequential read-out of Cell-Fit-HD. To avoid
photoionization of FNTD crystals the imaging is first performed with
the red laser on FNTD crystal and only after that the scan continues
with blue laser on stained cell layer. The total axial range for the
acquired image stack is about 120 wm with depth increment (Az) of
3 pum for ENTD crystal and Az= 0.3 um for the cell-layer. The axial
range for the image stack of cells is about 10 wm. The difference in
optical sectioning is indicated by the striped arrows.

characteristic signature left in the FNTD crystal after
irradiation - have a diameter of less than 1 um.

Discussion

To our knowledge, we report here the first successful
development of a hybrid detector technology, Cell-Fit—
HD, allowing simultaneous acquisition and correlation of
radiation track information with cellular and molecular
parameters. It was recently shown that Al O3:C,Mg single
crystal based fluorescent nuclear track detectors (FN'TDs)
allow for visualization and characterization of single parti-
cle tracks by conventional fluorescence microscopy [7,11].
Given that confocal microscopy is a common method for
detection of molecular- and cellular biology parameters,
it was hypothesized that development of hybrid detectors
will provide a hitherto unmatched correlation of phys-
ical with biological parameters at high resolution, only
limited by light diffraction [7]. However, little is known
about the properties of the polished and planar detec-
tor surface with regard to their biocompatibility. Based
on the relatively inert chemical reactivity of Al,O3:C,Mg
crystals and their high thermal resistance (up to 600°C)
[12] we were able to successfully autoclave the crystals,
as a prerequisite for sterile cell coverage. The ability of
the ENTD technology to precisely measure energy depo-
sition along carbon ion tracks was neither affected by
autoclaving nor by prolonged exposure to high humidity
under standard culture growth conditions. Next, we tested
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4 4 2
Figure 5 Correlation between carbon ion tracks and A549 cell
layer. Superposition of cellular response data (maximum intensity
z-projection) with an image of the acquired FNTD image stack. The
red spots are the ion tracks (with FWHM of approximately 500 nm [9]).
The small trajectories branching from the ion tracks are tracks of
secondary electrons in the FNTD crystal. The cell nuclei (depicted in
blue) are labeled with HOECHST. The surface of cell-coated FNTD was
set perpendicular to the incident carbon ion beam (small insert).

2

Initial carbon ion energy was 270.55 MeV u~' and fluence - 10° cm~2.
Scale bar, 10 um.

the adherence, the viability and conformal coverage of
the crystals coated with a panel of human and murine
cells.

We found that these crystals are biocompatible for all
of the cell lines tested enabling the development of Cell-
Fit-HD. The cells were spread and flat thus indicating
good cell attachment. Cell adhesion could also benefit
from the doping of Al,O3 with magnesium ions as sev-
eral molecules involved in cell adhesion such as integrins,
have binding sites for divalent ions [13]. In addition the
use of different extracellular matrix (ECM) component to
enhance cell adhesion, as performed in this study, treat-
ment of the crystal surface with plasma or additional
bombardment of the detector surface with Mg?* ions [14]
may further enhance cell adhesion. The crystal surface
was suitable for most of the cell lines tested in order to
gain a viable and uniform cell coating (Table 1). It was
possible to achieve uniform cell coating (Table 1) either
in short incubation time (after 24 h) using high plat-
ing density (> 300,000 mI~!) or longer incubation time
using a lower plating density. For the two brain tumor cell
lines, human U87 and murine SMA-560 at low seeding
concentrations (20,000 ml~1) the fibronectin concentra-
tion could further be optimized to improve cell coating
or another extra cellular matrix component like colla-
gen could be tested. The fibronectin layer has a height
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of several nm and does not interfere with the limited
mechanical working distance of a microscope objective at
high magnification.

As compared to standard treated surfaces for cell cul-
tures all tested cell lines maintained their morphology
when plated on the crystal surface. Based on the cell types
the tested cell lines formed either glioma-like cell net-
works (SMA-560 and U87) or tightly packed epithelial
monolayers (PC3, A431, A549). The evaluation using con-
ventional phase contrast microscopy was hindered by the
transparency of AlpOs3:C,Mg (Figure 2a). Our data indi-
cated that neither the physical properties of the crystal
component nor the physiological properties of the cell
lines were compromised.

We selected A549 cells for subsequent Cell-Fit-HD stud-
ies due to their superior performance in terms of cell
adhesion, viability, proliferation, metabolism and forma-
tion of a tightly packed epithelial network on the crystal
surface without the need of additional ECM coverage.
Al;O3:C,Mg crystal proved to be compatible with stan-
dard fixing and staining procedures. The fluorescent dyes
did not accumulate at the surface nor seemed to affect the
surface properties, hence causing low background during
image acquisition of the cell layer. Moreover, fixation (4%
PFA) did not distort A549 cell morphology when seeded
on the detector surface (Figure 2). The cells can be read-
out in situ on the crystal surface by conventional confocal
microscopy. When reading out the cell layer prior to the
crystal with blue (405 nm) laser light, it is possible to
photoionize pristine F22+ (2 Mg) color centers in the sur-
face region by two-photon absorption processes resulting
in increase in background 750 nm fluorescence used for
track imaging. To avoid this increase in background signal,
we imaged the crystal with red (633 nm) laser scanning
prior to the cell layer scanning with the blue laser. The
crystal read-out with the red laser in turn does not bleach
fluorescent dyes in the cell layer nor seems to affect the
cell layer in another manner (e.g., morphology). No post-
irradiation chemical processing of the crystal or removal
of the cell layer is necessary for the sequential read-out,
thus eliminating a significant source of error. The high cell
density (A549) with strong cell-cell adhesion (Figure 3)
and fixation directly after irradiation limits cell migra-
tion and distortion of the actual spatial correlation or hit
statistics.

To examine the capability of Cell-Fit-HD to detect bio-
logical processes governing radiation effects in different
cell compartments with physical energy deposition along
ion tracks, visualization of different key cellular compart-
ments was evaluated. Our data indicate that Cell-Fit-HD is
compatible with standard immunofluorescent techniques.
Therefore Cell-Fit-HD may be used to detect radiation
induced molecular events on cell membrane such as dif-
ferential regulation of cell adhesion molecules/receptors
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and their downstream signaling events as demonstrated
by membrane staining using antibody (Glut1) or life dyes
(CM Dil). Moreover, direct damaging effects of ioniz-
ing irradiation in different cellular compartment such
as mitochondria or nucleus could be tested by specific
staining of these compartments as demonstrated here
for DNA-staining in nucleus (HOECHST) or candidate
alternative dyes such as DAPI or ToPro. Together, appli-
cation of standard fluorescent staining techniques on the
cell layer and the sequential read-out of the Cell-Fit-HD
enable spatial correlation between single ion traversal and
cell biology (Figure 5). Currently, algorithms are devel-
oped to correlate the physical information achieved in
crystal compartment with biological events detected in
the cell layer.

Conclusions

Development of a next generation cell-fluorescent ion
track hybrid detector (Cell-Fit-HD) is reported per-
mitting co-detection and direct correlation of physi-
cal and biological information at high resolution using
standard fluorescence microscopy. Detection of physi-
cal energy deposition along carbon ion-tracks is based
on Al,O3:C,Mg crystals (FNTDs). We showed that these
crystals are chemically inert, could be autoclaved and
provide a biocompatible surface for prolonged culture of
different cell lines. The crystals provided a substrate for
a uniform cell coating. Cells maintained their morphol-
ogy, metabolism, proliferated and remained viable for a
long observation period in Cell-Fit-HD. Moreover, the
quality of the FNTD readout was not compromised by
different standard fixation procedures and labeling of dif-
ferent cell compartments using life fluorescent dyes or
immunofluorescence. This offers the possibility of car-
rying out a multitude of live-imaging and fluorescent
staining experiments directly linking the effect of phys-
ical energy deposition along ion tracks with subsequent
cellular events on membrane, cytoplasm, organelles or
nuclear compartment. The here reported method for
development of Cell-Fit-HD will be instrumental for
introduction of a novel generation of compact detectors
facilitating research in radiobiology laboratories with lim-
ited access to more complex detector technologies and
microbeam delivery systems. Cell-Fit-HD can be irradi-
ated with different radiation qualities, i.e. protons and
heavier ions.

Additional file

Additional file 1: Figure S1. Irradiation setup for Cell-Fit-HD. The
Cell-Fit-HD was irradiated perpendicular to the incident carbon ion beam.
Irradiation setup at Heidelberg lon-Beam Therapy Center (HIT) requires a
vertical positioning of the sample. Only a single well of a multiwell plate is
shown.The FNTD is attached by agarose droplets to the polystyrene
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bottom of the multiwell plate. The well is filled with culture medium to
keep the cells viable during irradiation. It is sealed with Parafilm® m
(Pechiney Plastic Packaging). The air gap between PMMA block and the
multiwell plate is neglected as the corresponding energy loss is very small.
The range in water (r,0) of all elements in the beam path (position and
fluence monitors) between exit window of the beam line and isocenter of
the incident ion beam is 2.89 mm.
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Abstract

Fluorescent nuclear track detectors (FNTDs) based on Al,03:C,Mg single
crystal combined with confocal microscopy provide 3D information on ion
tracks with a resolution only limited by light diffraction. FNTDs are also ideal
substrates to be coated with cells to engineer cell-fluorescent ion track hybrid
detectors (Cell-Fit-HD). This radiobiological tool enables a novel platform
linking cell responses to physical dose deposition on a sub-cellular level in
proton and heavy ion therapies. To achieve spatial correlation between single
ion hits in the cell coating and its biological response the ion traversals have
to be reconstructed in 3D using the depth information gained by the FNTD
read-out. FNTDs were coated with a confluent human lung adenocarcinoma
epithelial (A549) cell layer. Carbon ion irradiation of the hybrid detector
was performed perpendicular and angular to the detector surface. In situ
imaging of the fluorescently labeled cell layer and the FNTD was performed
in a sequential read-out. Making use of the trajectory information provided
by the FNTD the accuracy of 3D track reconstruction of single particles
traversing the hybrid detector was studied. The accuracy is strongly influenced
by the irradiation angle and therefore by complexity of the FNTD signal.
Perpendicular irradiation results in highest accuracy with error of smaller
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than 0.10°. The ability of FNTD technology to provide accurate 3D ion track
reconstruction makes it a powerful tool for radiobiological investigations in
clinical ion beams, either being used as a substrate to be coated with living
tissue or being implanted in vivo.

(Some figures may appear in colour only in the online journal)

1. Introduction

Al,03:C,Mg-based fluorescent nuclear track detectors (FNTDs) (Akselrod and Sykora 2011)
are ideal candidates for engineering cell-fluorescent ion track hybrid detectors (Niklas et al
2013a). In this hybrid the FNTD is used as a substrate to be coated with a viable cell layer thus
allowing for standard cellular imaging after proton and heavy ion irradiation. In addition the
FNTD is used for single track detection. This radiobiological tool enables a novel platform
linking physical energy deposition and biological response with a resolution only limited by
diffraction (figure 1). The major advantage of using FNTD as the central component is its
capability of being read out by confocal laser scanning microscopy commonly used in life
science (Akselrod and Sykora 2011, Greilich et al 2013). In particular this allows for in situ
imaging of fluorescently labeled cell layer and the subjacent detector (Niklas et al 2013a).
The FNTD comprises superior spatial resolution compared to available CR-39 plastic nuclear
track detectors and does not require chemical treatment (Akselrod et al 2006, Osinga et al
2013). FNTDs exhibit high detection efficiency (close to 100%) (Osinga et al 2013), a wide
range of LET sensitivity (Akselrod and Sykora 2011) and depth information (Akselrod et al
2006).

In order to acquire accurate spatial correlation in 3D between individual ion hits in the
cell layer and its subsequent response, the ion tracks have to be reconstructed in 3D using the
depth information gained by the FNTD read-out (Akselrod et al 2006, Bartz et al 2013).

In this paper we analyzed the FNTD signals after perpendicular and angular carbon
ion irradiation of the hybrid detector. Making use of the trajectory information provided by
the FNTD we studied the accuracy of 3D track reconstruction of particles traversing the
hybrid detector. For this purpose single track spots—the ion’s characteristic signature in the
Al,O3:C,Mg—and their corresponding centers belonging to a single ion track were precisely
located in the acquired FNTD image stack (a sequence of optical slices in z). Linear regression
analysis (LRA) was then applied to fit the ion track. Each track was extrapolated above the
detector surface into a cell layer grown on top of the FNTD. Due to a refractive index mismatch
in the optical path of the imaging of the hybrid detector correction of spherical aberrations
(Hell et al 1993, Jacobsen and Hell 1995) was applied.

2. Materials and methods

2.1. AlbO3:C,Mg-based FNTD

FNTDs are made of alumina single crystals («-Al,O3) doped with magnesium and carbon
ions and exhibit high concentrations of F§+ (2Mg) aggregate defects (excitation at 435 nm
and emission of fluorescence at 515 nm) (Akselrod and Sykora 2011). F§+ (2Mg) undergo
radiochromic transformation. The resulting stable, transformed color centers, FZ’ (2Mg),
absorb light in the band centered at 620 nm, prompting fast 750 nm fluorescence. The
fluorescent intensity depends on local energy deposition of the ionizing radiation (Niklas ez al
2013b). Accordingly, FNTDs allow for particle track visualization by confocal microscopy
and subsequent 3D particle track reconstruction (Akselrod et al 2006). FNTDs are sensitive to
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Figure 1. Spatial correlation between single carbon ion traversal and cell damage (Reproduced
with permission from Niklas et al 2013b. Copyright Elsevier 2013). Fluorescent nuclear track
detector (FNTD) was coated with A549 cells and irradiated perpendicularly to its surface (insert).
Maximum intensity z projection between single carbon ion traversals (red spots) and subsequent
DNA double strand breaks (y-H2AX, immunofluorescent staining, green spots). Cell nuclei are
labeled in blue (HOECHST 33342 staining). Scale bar, 5 um.

ions with LET > 0.5 keV um™~' (Akselrod and Sykora 2011). The current limit of maximum
countable track fluence is in the range of 0.5 x 10® cm~2 (Osinga et al 2013) corresponding to
clinical doses for carbon ion irradiation (i.e. 2.27 Gy in water for '>C, 90 MeV u™!). FNTDs
have one 4 mm x 8 mm surface polished to optical quality for read-out. The optical c-axis of
the crystal is aligned parallel to the longer side of the detector (figure 2(a)).

2.2. Cell coating and irradiation setup

The polished surface of sterilized FNTDs were coated with a confluent human lung
adenocarcinoma epithelial (A549) cell layer with the protocol described in Niklas et al
(2013a) (plating density: 100 000 ml~", culture medium: Dulbecco’s modified Eagle medium,
Biochrom AG, Cat. No. FG 0415). A549 cells were obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). Fifteen minutes after
the irradiation the cells remaining on the FNTD crystal were fixed with 4% paraformaldehyde in
phosphate buffered saline (PBS) for 10 min at room temperature. Cell nuclei were stained with
HOECHST 33342 fluorescent dye (Molecular Probes ® (Cat. No. H1399, final concentration:
2 g ml~") as described in Niklas et al (2013a).

Carbon ion irradiation of FNTD was performed using the therapy beam of the Heidelberg
Ion-Beam Therapy Center (HIT) at Heidelberg University Hospital. Irradiations were
performed under the polar angle 6 (angle between the direction of propagation of the ions §"and
the k-axis of Al,O3:C,Mg) of 0° & 5° and 60° &£ 5° (figure 2(a)). The azimuth angle ¢ (angle
between the optical c-axis and e\ ,, the projection of the ion beam onto the exposed FNTD
surface) only played a minor role for the setup. For perpendicular irradiation (¢ = 0°) the ion
beam fluence was adjusted to 1.5 x 10° cm~2. For angular irradiation (¢ = 60°) the fluence
at the FNTD surface corresponded to 1.3 x 10° cm™2. In both cases, a 12 x 12 cm? field was
irradiated homogeneously using raster scanning with a pencil beam of 10.1 mm in diameter
(full width at half maximum (FWHM)) and a distance of 2 mm between two raster spots.
Approximately 60 000 particles were delivered in each spot. The Bragg peak was broadened
in depth by using a 3 mm Ripple filter. The cell-coated FNTDs, mounted with agarose in a 24
multiwell plate filled with culture medium (Niklas et al 2013a), were placed in the rising flank
of the Bragg peak (initial carbon ion energy of 270.5 MeV u~!, corresponding equivalent range
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Figure 2. Irradiation setup and particle track reconstruction. (a) The ions are traversing the detector
under the angle 6—the angle between direction of propagation of the ions §’and k-axis of the FNTD
(of dimension 4 x 8 x 0.5 mm?). k, ¢, ey and all angles refer to the coordinate system of the
ENTD. §'refers to the beam coordinate system. The cell coating is indicated by the gray layer.
(b) Splitting of fitting procedure into two separate linear regression analysis for the x- and
y-coordinate of the track spot centers.

in water ry,0 = 13.70 cm). For the irradiation under 6 = 0° (9 = 60°) 11.70 cm (11.05 cm)
of PMMA absorber with a corresponding r,0 = 13.63 cm (ry,0 = 12.87 cm) was placed in
front of the multiwell plate. For angular irradiation at & = 60° the multiwell plate was placed
at an angle of y = 30° £ 5° (y = 90° — 6, defined for practical purpose) toward the incident
ion beam. The different PMMA thicknesses result from the different thicknesses of the bottom
of the multiwell plates (polystyrene, 8 = 0°: ry,0 = 1.2 mm, 8 = 60°: rg,0 = 2.5 mm). The
air gap between the culture well and the PMMA was not considered in the total ry,0. The
amount of material in the beam from vacuum exit window to isocenter corresponds to a ry,o
of 2.89 mm.

2.3. FNTD and cell layer read-out

For the sequential read-out of the cell-coated FNTD we used the Zeiss LSM 710 ConfoCor
3 confocal microscopy equipped with a z-piezo stage, 63 x/1.45 numerical aperture (NA) Oil
DIC M27 objective, photomultiplier tubes and avalanche photo diodes. We used the protocols
as previously described in Greilich et al (2013) and Niklas et al (2013a). For the read-out
of the angular (perpendicular) irradiated FNTDs the excitation laser power of the 633 nm
Helium—Neon laser was adjusted to 100% (100%) transmission, pixel dwell time t was set to
4.97 s (2.80 ws) and the line-scanning repetition R was limited to 4 (4). For the cell layer
acquisition (HOECHST 33342) we used a 405 nm diode laser line (30 mW, 4% transmission)
with T = 2.80 us and R = 4. The microscope detector pinhole aperture was set to 1 Airy
disk unit. For angular (perpendicular) irradiated FNTDs a single imaging field comprised
1300 x 1300 pixel (1152 x 1152 pixel) with a pixel size of 0.104 x 0.104 um? (0.117 x
0.117 um?). The acquired image stacks of the angular irradiated FNTDs covered an axial range
of approximately 90 um (measured from the detector surface). Concerning the perpendicular
irradiated FNTD the image stacks covered an axial range of approximately 120 pm. In both



Ton track reconstruction in 3D using fluorescent nuclear track detectors N255

cases the z-interval Az between two consecutive image planes was adjusted to 3 um. For
imaging, the cell-coated FNTD was placed in uncoated glass bottom culture dish (MatTek
Corp., Part No. P35G-1.5-20C) with the cell layer facing the glass bottom. The culture dish
was filled with PBS. Anisotropic fluorescence properties of Al,O3:C,Mg crystals (Sanyal and
Akselrod 2005, Greilich et al 2013) were neglected. Zeiss Immersol™518 F (n = 1.51 for
A = 643.8 nm at 23 °C) was used as an immersion medium. The images acquired were stored
with a bit depth of 16-bit in the LSM format.

The position of the polished FNTD surface was identified by using the HOECHST
33342 fluorescence signal from the nuclear staining. It disappears at the transition into the
FNTD crystal. In addition, excitation by 405 nm causes a photoionization of the pristine
F%’L (2Mg) aggregate defects located in close vicinity to the detector surface hence increasing
the background in the HOECHST 33342 channel.

2.4. Detection of the ion track centers

For image segmentation the acquired 16-bit integer FNTD images were converted into floating
point data (with pixel values in the interval [0; 1]). A window limited to 30 x 30 pixels for
perpendicular and 120 x 30 pixels for angular irradiation was used to define regions of
interest (ROIs) within a plane of the FNTD image stack. Each ROI contained a single track
spot. Thresholding in the ROIs was applied to identify all track spot centers in the acquired
image stack belonging to a single particle trajectory. Due to secondary electron tracks sprouting
from a track spot center each ROI can contain several local intensity maxima dividing it into
several sub-areas. The largest area was isolated and considered to account for the ion track core
(a halo of secondary electrons around the center of a track spot, figure 3(a)). The smaller areas
mainly arise from dense energy depositions induced by strongly scattered secondary electrons
having enough energy to leave the ion track core. We compared three different approaches to
identify the center of a track spot.

(A) Detection of intensity-weighted centroids applying a global threshold (iw centroid):
all pixels within the ROI with values greater than a manually defined global threshold of
0.4 were considered for the calculation of the intensity-weighted centroid.

(B) Detection of intensity-weighted centroids applying a dynamic threshold (rel thres):
the threshold was set to 2/3 of the maximum pixel value within an ROL

(C) Detection of the absolute intensity maximum (abs max): the pixel with the maximum
value within the ROI was considered as the track spot center.

No background correction of the FNTD raw images was applied.

2.5. Fitting and extrapolation procedure

For reconstruction of the ion trajectory in 3D we assumed the ion to follow a straight line.
A line was expected as due to the high energies of the ions, multi-Coulomb scattering of the
projectile in the crystal lattice is very small. Due to statistical variation in energy deposition and
inhomogeneities of the color-center density, only uncertainties in the horizontal coordinates
(x,y) of the ion track centers were taken into account. Uncertainty in z by the high-precision
z-piezo stage (in the nm range) were neglected. The fitting procedure was split up into
two separate LRA (using least-square estimation (Montgomery et al 2006)) for the x- and
y-coordinates respectively (figure 2(b)):

x(z) =ay+by-z (1)
y(Z) e ay + by - Z. (2)
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Figure 3. Intensity profile of FNTD read-out signal after (a) perpendicular (6 = 0°) and
(b) angular irradiation (6 = 60°). The track core (masked by the point spread function of the
imaging system (Niklas et al 2013b)) is indicated by the red dashed circle. In both cases secondary
electron trajectories are sprouting from the symmetrical and ellipsoidal track spot. Inserts: the
track spot centers detected by identifying the intensity-weighted centroid applying a manually
defined threshold (ocher circle), the absolute maximum (magenta rectangle) and by identifying the
intensity-weighted centroid applying dynamic thresholding (green triangle) do not coincide. Scale
bars, (a) 0.5 um and (b) 1 pm.

The flight direction of the incident ions was parameterized by 6 and ¢. 6 (figure 2(a)) was
calculated by

0 =90°—vy, 3

y = arctan[(tan’2 o + tan~? B )’0'5 ] 4)
with tana = by and tan 8 = b,. ¢ was calculated by

¢ = arctan[tan(«)/ tan(B)]. 5)

Fitting of the particle tracks was carried out in a total range in z of 60 pum partly starting at
different depths in the FNTD. This is the range allowing to track a traversing ion within a
single imaging field (135 x 135 ;m?) under angular irradiation (for greater ranges the imaging
field has to be moved, i.e. tile scans have to be performed).

The ion trajectories obtained by fitting were extrapolated into the A549 cell layer of
10 pm thickness (nominal thickness without correction for distortion, see section 2.6 below)
grown on top of the FNTD. The 95% prediction intervals Py y on future observation (xo, yo)
with Py y = [xo — ay — by - 20, Yo — @y — by - 0] were calculated by

1 1 _
Pl,=s-1t,2975" \/1 + - + E(ZO —2)? (6)

\/Z, 1 (ax+bx Zi _xz)2

N
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and analogue for PI, using y;, a, and b, in (7). Parameter n is the number of track spot centers
(with coordinates x;, y;, z;) considered for the fit, and #,_5 975 is the 97.5% quantile of the
t-distribution with n — 2 degrees of freedom. We assumed that all extrapolations start at the
same depth, 3 um below the FNTD crystal surface.

Accuracy of ion track reconstruction in 3D was expressed by Af, A¢ (95% confidence
intervals gained by the LRA) and Ply,y. To study the impact of the parameter n on accuracy
we varied the distance in z between two consecutive track spots Az (nominal distance
without correction for distortion, see section 2.6 below). We further compared three different
approaches for the identification of the track spot center coordinates (iw centroid, rel thres,
abs max, see section 2.4):

(1) Az =3 um, n = 21 track spots
(i) Az =06 um, n = 11 track spots
(i) Az =15 um, n = 5 track spots

We analyzed 20 tracks each for angular and perpendicular irradiated FNTDs.

2.6. Correction for axial geometrical distortion

In the optical path of the confocal imaging a mismatch in index of refraction occurs at
the interface between the immersion oil and cell layer and at the interface between cell
layer and FNTD. The refractive index of the glass bottom dish and the immersion oil was
assumed to equal. The mismatch causes axial distortion of the nominal focal position (position
in z without spherical aberration) from the actual one (presence of spherical aberrations)
(Jacobsen and Hell 1995, Van Elburg et al 2007). For correction of the negative mismatch
(noit = 1.51 > ngey = 1.47 (Hell et al 1993)) occurring at the oil—cell layer boundary we
used an improved linear correction method for high NA lenses as previously described in
Van Elburg et al (2007). The axial scaling factor (ASF) to recalculate the nominal focal
position z; in the cell layer was determined by:

ASF| = c1 An/ngy + ¢y arctan(cz An/ngi) (10)

with ¢; = 1.132, ¢; = 0.0065, c¢3 = 100 and An = (nee — noir)- To account for the positive
mismatch at the cell layer—-FNTD boundary (na1,0,.c,Mmg = 1.76 > nce1) we used the paraxial
approximation ASF, = nay,0,.c,mg/Mcei- We used this approximation as n4j,0,.c,Mg €xceeds
the range of mismatch being considered for the improved linear correction method (Van Elburg
et al 2007) and as it was previously approved to approximate experimental results well (Hell
et al 1993). The position in z of the actual focal point z,¢ (origin is at the bottom of the culture
dish) was then calculated by

Zact(z) = ASFy - 21 + ASF, - 2 (11)
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with z; being the nominal thickness of the cell layer (distance between the dish bottom and the
detector surface) and z being the nominal position in the FNTD (measured from the detector
surface). The aqueous medium between dish bottom and cells was neglected in the correction
for axial distortion.

Uncertainties in the position of the surface As translate into an error x of the location of
the track in the horizontal:

Zact (2, AS) = Zaet(2) = (ASF; — ASF>)As (12)

X = (ASF; — ASF,)As/ tan(90° — 0) (13)
starting from

Zact(2) = ASF| (s — 01) + ASRy[( — Az — (s — 0)] (14)

and defining z := (n— 1)(&) as a function of the actual plane number n of the acquired image
stack and the interval between two consecutive image planes Az. o and o, are the respective
positions of the first image plane of the cell and FNTD image stack.

3. Results

3.1. Intensity profile of a track spot

In figure 3 track spots—the ion’s footprint left in the Al,03:C,Mg crystal—resulting from
irradiation perpendicular (¢ = 0°) and angular (¢ = 60°) toward the FNTD surface are shown.
Under perpendicular irradiation the track spots have an almost radial symmetric intensity
profile with a steep intensity gradient in the track core (halo around the track spot center) and
branching trajectories from secondary electrons of higher energy. Their local intensity maxima
are due to the track ends.

Under angular irradiation the track spots are deformed into ellipsoidal objects extended
along beam direction (y) with tattered edges and with branching secondary electron trajectories.
The electron trajectories exhibit a broad angular distribution causing a more complex geometry
of the track spots. The track spots also exhibit an intensity rise with a global maximum most
probably accounting for the angular track core. On average an elongated track spot has the
size of approximately 7 x 0.5 wm?—compared to the diameter of 0.9 um of a symmetrical
track spot.

The insets in figures 3(a) and (b) show the examples of the track spot centers for all
three identification approaches (iw centroid, rel thres, abs max, see section 2.4 above). Under
perpendicular and angular irradiations the positions of the intensity-weighted track spot centers
detected by applying a global threshold and dynamic thresholding are nearly identical. Larger
deviations from these positions occur for identifying the absolute intensity maximum. The
spatial mismatch is much more pronounced under angular than under perpendicular irradiation.

3.2. Residuals of the fit

For all LRA (angular and perpendicular irradiation) the residual plots generally displayed a
normal distribution (not shown). figure 4 presents the mean absolute residuals (in an initial
step the absolute residuals corresponding to a single fit were averaged) including the standard
error of the mean (SEM).

In the case of angular irradiation the residuals in x (perpendicular to beam direction) and
in y (along beam direction) resulting from identification approach (A) and (B) (iw centroid,
rel thres) fluctuate around 0.10 um and 0.58 pum respectively for all Az (figure 4(a)). The
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Figure 4. Mean absolute residuals in x (circles) and y (solids) resulting from different fitting
procedures. The distance Az between two consecutive track spots was varied and different
approaches to detect the track spot centers were used (red: intensity-weighted centroid, green:
dynamic thresholding, blue: absolute maximum). The error bars are the standard errors of the
mean. (a) angular irradiation, & = 60° (b) perpendicular irradiation, 8 = 0°.

residuals concerning identification of the absolute maximum (abs max, approach (C)) are larger
(x: = 0.12 um, y: ~ 0.68 um). SEMs in x (<0.02 um) and y (*0.10 wm) approximately
equal for all Az and all identification approaches; the largest values are obtained for
approach (C).

For perpendicular irradiation the residuals in x and in y, resulting from identification
approach (A) and (B) (Az = 3 and 6 um) fluctuate between 0.03 um and 0.04 pum and
decrease for Az = 15 um (figure 4(b)). Concerning identification approach (C) the residuals
in x and in y lie between 0.04 wm and 0.05 um. All SEMs are smaller than 0.01 pm.

3.3. Accuracy of ion track reconstruction in 3D

For angular irradiation the mean values 6 = 59.03° and ¢ = 84.68° defining the direction of
the traversing ions differ of maximum 0.07° and 0.01° respectively for all LRA (table 1). The
error A6, figure 5(a), is smallest (0.89°) for approach (A) at Az = 3 um and is increasing to
3.45° for approach (C) at Az = 15 um. Except for Az = 15 um, A¢ is smaller than 0.2° for
all LRA (figure 5(b)). Concerning the mean PIs (figures 6(a), (b) and table 1) in the cell layer
of 10 pum thickness on top of the FNTD the values in x are smaller than 0.4 um (Az < 15 pum,
for all identification approaches) and are increasing to 0.77 pum for approach (C) at Az =
15 pm. Ply is has its lowest value (1.72 um) for approach (A) at Az =3 pum and is increasing
to 4.58 um for approach (C) at Az = 15 um.

Concerning perpendicular irradiation, 6 ~ 1.22° differs less than 0.02° for all LRA
(table 2). Azimuthal angle ¢ lies between 45° and 46°. For Az < 15 um and all identification
approaches A6 is smaller than 0.15° and is increasing to 0.26° for Az = 15 um (approach
(C), figure 5(c)). A¢ covers a broad range—between 1.53° and 4.77° (figure 5(d)). The mean
PIs in x and in y are generally much smaller than 0.3 pum (figures 6(c), (d) and table 2).

Both, the distributions of A6 and A¢ (perpendicular and angular irradiation) indicated
by their standard deviation (s.d.) and mean values show a steep rise between Az = 6 um and
Az = 15 pum. This is independent of the identification approach used (figure 5). The effect is
especially pronounced under angular irradiation. The mean PIs behave similarly (figure 6).
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Figure 5. Errors A9 and A¢ of the different fitting procedures (red: intensity-weighted centroid,
green: dynamic thresholding, blue: absolute maximum). Az is the distance in z between two track
spots. (a)—(b) Angular irradiation, & = 60°, (c)—(d) perpendicular irradiation, & = 0°. The error

bars are the standard deviations (s.d.).

Table 1. Angular irradiation, & = 60°. Accuracy of ion track reconstruction using different fitting
procedures. Az: distance in z between two track spots. The errors are the standard deviations (s.d.).

Total range in z: 60 pm.

o) A6 (%) dC) AP(%) PIx (um)  PIy (um)

n = 21 track spots, Az =3um

iw centroid (A) 58.97 0.80+£0.22 84.69 0.10£0.06 0.28+£0.12 1.72+0.43
rel thres (B) 58.98 0.90+0.19 84.69 0.10£0.06 0.28=£0.10 1.74=+0.37
abs max (C) 58.98 1.06 £0.23 84.69 0.13£0.06 0.32+0.11 2.07+0.44
n = 11 track spots, Az =6um

iw centroid (A) 59.00 1.36 £0.34 84.68 0.16£0.09 035+0.17 2.144+0.54
rel thres (B) 59.01 1.234+£0.33 84.68 0.15+0.09 0.33+£0.13 2.01£0.53
abs max (C) 59.03 1.54+£0.37 84.68 0.18£0.11 0.38+0.17 2.4240.58
n = 5track spots, Az =15um

iw centroid (A) 59.08 2.84+1.03 84.67 034+£0.23 0.68+0.45 3.76+1.37
rel thres (B) 59.09 2.794+1.08 84.68 033+£024 0.66+£0.33 3.69+1.45
abs max (C) 59.09 345+1.21 84.68 043+0.29 0.77+047 4.58+1.62
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Figure 6. Mean prediction intervals for x and y resulting from the extrapolation of the particle
track into a cell layer of 10 um thickness for different fitting procedures (red: intensity-weighted
centroid, green: dynamic thresholding, blue: absolute maximum). Az is the distance in z between
two track spots. (a)—(b) Angular irradiation, & = 60°, (c)—(d) perpendicular irradiation, 6 = 0°.
The error bars are the s.d.

Table 2. Perpendicular irradiation, & = 0°. Accuracy of ion track reconstruction using different
fitting procedures. Az: distance in z between two track spots. The errors are the s.d. Total range in

z: 60 pum.
6 () A6 (%) ) Ap () PIy (um) PIy (um)

n = 21 track spots, Az =3pum

iw centroid (A) 1.20 0.08£0.01 45.16 195+£1.04 0.12+£0.02 0.12+0.02
rel thres (B) 1.21 0.06 £0.01 4499 153+£0.87 0.10£0.02 0.10+£0.01
abs max (C) 1.22 0.10£0.01 4530 2.05+£1.42 0.15+£0.02 0.14+0.02
n = 11 track spots, Az =6um

iw centroid (A) 1.21 0.11£0.02 4495 3.14+£1.78 0.14+£0.04 0.13+0.04
rel thres (B) 1.22 0.094+0.02 4492 238+147 0.12£0.03 0.12+0.03
abs max (C) 1.24 0.14£0.03 4594 294+1.86 0.17+0.04 0.17+0.03
n =5 track spots, Az =15pum

iw centroid (A) 1.21 0.19£0.05 4521 4.23+£336 0.19+0.08 0.21 £0.09
rel thres (B) 1.22 0.16+£0.05 4539 421+£271 0.17£0.07 0.18£0.08
abs max (C) 1.24 0.26 £0.08 4570 4.77+4.45 024+0.12 0.27=£0.11
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4. Discussion

Accuracy of ion track reconstruction in 3D using the FNTD depth information is strongly
influenced by the irradiation angle 6 and therefore by complexity of the intensity profile of a
track spot as well as by the approach for identification of its center.

4.1. Intensity profile of a track spot

The size and shape of a track spot depends on the energy of the incident ions (Akselrod
and Sykora 2011, Niklas et al 2013b) and 6 governing the geometrical cross section of the
traversing particles with the detector material. High-energy carbon ion irradiation produces a
high density of secondary electrons of low energies responsible for the generally symmetrical
as well as ellipsoidal intensity profile of the track spots (figure 3). The sprouting electron
trajectories with a broad angular distribution are caused by § electrons having enough energy
to leave the track core. These trajectories, although less probable, and their random formation
(due to frequent scattering of the & electrons) distort the original symmetrical intensity
profile.

The track spots under angular irradiation seem to comprise more sprouting electron
trajectories than the symmetrical track spots. Due to a greater geometrical cross section the
probability of producing fast § electrons increases including the formation of tattered track
spot edges. In addition, electron trajectories of neighboring ion traversals from above or below
crossing as well as being scattered in the image plane are being detected. On the contrary, under
perpendicular irradiation mainly the electron trajectories perpendicular to the flight direction
of the incident ion are visible.

The track spot is masked by the point spread function (PSF) of the imaging system
(figure 3) (Niklas et al 2013b). The PSF is distorted by the refractive index mismatch at
the oil—cell layer and cell layer—Al,03:C,Mg interface causing spherical aberrations (Carlsson
1991, Hell et al 1993, Jacobsen and Hell 1995). Besides a decrease of image brightness (a result
of the confocal arrangement), the aberrations could also account for a blurred appearance of the
track spots (including the tattered edges) by an increasing FWHM of the PSF and appearance
of secondary maxima (Hell et al 1993). A deconvolution could increase resolution only to
some extend as the PSF in the corresponding focal depth and the actual structure of a track
spot have to be exactly known.

4.2. Ion track center assessment

The thresholds-based methods (A) and (B) (iw centroid, rel thres) using a value of 0.4 for
identifying intensity-weighted centroids and 2/3 of the maximum pixel value within an ROI
(dynamic thresholding) showed best suitability for carbon ion irradiation and minimize the
probability to detect § electron structures (including their Bragg peaks) as well as the tattered
track spot edges. These structures would shift the actual position of the track center. As the
gradient of the intensity profile is relatively steep, 2/3 of the maximum is not too high running
the risk of approaching the global maximum which is likely not to coincide with the center
of the track spot core. Statistical fluctuation of energy deposition and local fluctuation of the
color-center density could be the main reason for this mismatch. Weighting by intensity seems
to approach the actual track core best. This coincides well with smaller residuals (figure 4)
and hence more accurate track reconstruction (figures 5 and 6) than the detection of the
absolute intensity maximum (abs max, method (C)). In addition, dynamic thresholding has
the advantage of responding to different intensity profiles (variation in the maximum intensity
(Niklas et al 2013b)) by different particle types or energies within a FNTD image.
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Table 3. Perpendicular irradiation, & = 0°. Accuracy of ion track reconstruction using different
fitting procedures. Az: distance in z between two track spots. The errors are the s.d. Total range in

z: 114 pm.
6() A0 (%) ¢C)  Ap() Ply (um) Pl (um)
n = 39 track spots, Az =3um
iw centroid (A) 1.17 0.03+£0.005 45.63 0.74+£045 0.11+0.02 0.114+0.02
rel thres (B) 1.17 0.03+£0.005 4553 0.63£042 0.10£0.02 0.10+0.01
abs max (C) 1.18 0.04 £0.005 4553 0.84£0.61 0.14+0.02 0.144+0.02

Under angular irradiation it is more difficult to define the actual track spot core. A fitting
of the intensity profile of a track spot by a 2D Gaussian function (Akselrod et al 2006, Niklas
et al 2013b) (symmetrical for perpendicular irradiation, elliptical for angular irradiation) and
the detection of its maximum could improve the subsequent LRA.

4.3. Accuracy on particle track reconstruction in 3D

Complexity of the track spot geometry and hence the irradiation angle 6 have a major impact
on accuracy expressed by Af, A¢ and PI. The radial symmetrical intensity profile (6 = 0°) is
reflected in nearly identical residuals in x and in y (figure 4(b)) for all LRA. On the contrary
the elongation (along beam direction) and much higher complexity of the track spots under
angular irradiation (§ = 60°) causes much greater discrepancy between the residuals in x and
in y—by a factor of approximately 6—irrespective of the identification approach of the track
spot center (figure 4(a)). This is directly reflected in the increased error A8 by a factor of
approximately 10 (comparing & = 60° and 6 = 0°, figures 5(a) and (c)). This is also reflected
in much greater Pls (figure 6), especially for PIy under angular irradiation being more than
ten times larger than the symmetrical PIs under perpendicular irradiation.

The surprisingly great values of A¢ under perpendicular irradiation (figure 5(d)) arise
from the narrow distribution of the projections of the track spots onto the yz plane. Small
fluctuations have a great impact leading to large variations in the coefficient interval of b, in the
LRA (equation (2)). To gain more reliable values and to decrease A¢ below 1° we increased
the number of track spots by extending the total range in z for the LRA for perpendicular
irradiation to 114 um with Az = 3 um (table 3).

To principally minimize the PIs and irrespective of the irradiation angle it is favorable to
start the FNTD read-out near the detector surface. This assures a minimal extrapolation interval
into the cell layer. This also reduces the PIs as the interval between the mean z-coordinate of
identified track spots and z-coordinate of extrapolation gets minimized (equation (6)).

The strong decrease in accuracy (and larger s.d.) for Az = 15 pum, all identification
approaches (figures 5 and 6), could arise from the insufficient averaging and the statistical
nature of energy deposition. Under perpendicular irradiation a reasonable trade-off between
fast detector read-out and high accuracy is yet possible by increasing Az to 15 um (figure 5(c)).
A6 increases butis still less than 0.3°. A¢ has little significance. The PIs are however increasing
as they depend on the inverse number of track spots considered for the LRA. The surprising
decrease of the residuals (Az = 15 um, all three identification approaches, figure 4(b)) has no
impact on the increase of A6, A¢ and Pls.

4.4. Correction of axial geometrical distortion

The distortion induced by refractive index mismatch only affects the axial position of the
focal point and hence 6—the trajectory of the particles. Introducing nonlinear correction (Van
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Elburg et al 2007) could further improve reconstruction accuracy to some extent especially
for larger angles. As the refractive index differs for individual organelles (Beuthan et al 1996)
the actual correction term for the cell layer has a spatial dependence. To reduce the impact
of refractive index mismatching on track reconstruction especially for angular irradiation,
2,2'-thiodiethanol (98%, n = 1.518) can be used as mounting medium for the cell layer
during the confocal read-out (Staudt et al 2007). As its refractive index equals with the
refractive index of the immersion oil only the 0il-Al,03:C,Mg boundary has to be considered
for axial correction. To further reduce spherical aberrations, perpendicular irradiation should
be employed in particular for live cell imaging. Despite the presence of the refractive index
mismatch at the cell-Al,03:C,Mg boundary the nominal can be approximated with the actual
focal position.

Concerning uncertainty in the position of the FNTD surface As, the error term
(ASF; — ASF,;)As in (12), which affects the actual focal position z,. is independent of z
and does not influence the LRA and thus trajectory of the incident ions (parameterized by 6
and ¢). The resulting error x (13) of the position of the ion track in the horizontal direction is
governed by 6 and the product (ASF; — ASF;)As. As = 1 umat 0 = 60° yields x = 0.40 um.
For shallow irradiation angles, i.e. 0 < 45°, x decreases steeply as long as (ASF; —ASF,) < 1.
X becomes yet more relevant if the ion traversal in the intracellular space has to be localized.

5. Conclusions

It is possible to perform accurate ion track reconstruction in 3D and extrapolate an ion’s
trajectory into a cell layer covering the FNTD by using depth information provided by
detector read-out. The accuracy of the track reconstruction procedure strongly depends on
the irradiation angle # and by the approach used to identify individual track spot centers.
The use of intensity-weighted centroids and dynamic thresholding yield the highest accuracy.
Steep irradiation angles distort the otherwise symmetrical track spots, resulting in reduced
accuracy of centroid prediction. To achieve the desired accuracy in determining the angle 6
with an error smaller than 1° under angular irradiation at 6 = 60° the intensity-weighted
centroid detection and a 21 image stack separated by Az=3 pum was found as the best set of
image acquisition and processing parameters. Increasing AZt0 6 pm (i.e. half the number of
track spots) deteriorates the accuracy, i.e. A6 and PI, roughly by 30% and 20% respectively.
Concerning angles of irradiation with 6 close to 0° and using the same fit parameters, A6
decreases by a factor of at least 10 with nearly symmetrical lateral error distribution.

The required increase in accuracy of track reconstruction also increases the total read-out
time of the detector. To further improve accuracy if necessary one could extend the total
axial range of the image stack, to increase the number of images and decrease the image
depth increment between two consecutive image planes (Az). This, however, is more time
consuming. Naturally the total microscope time is directly affected by the acquisition time of a
single image plane (mainly governed by laser power p, dwell time 7, number of rescans R and
total number of spots per imaging field (Greilich e al 2013)) influencing the signal-to-noise
ratio and thus the quality of the detection of the track spot center.

The ability of FNTD technology to be used as a substrate to be coated with living tissue
and to provide accurate 3D ion track reconstruction makes it a powerful tool for radiobiological
investigations in clinical ion beams (Niklas er al 2013a). The uncertainties in ion track
reconstruction (Plyx and Ply, tables 1-3) in the cell layer are smaller than the dimensions
of a single cell and even of individual organelles, e.g. nucleus. This opens the possibility to
isolate individual cellular organelles being traversed by ions and to correlate the corresponding
local physical energy deposition to the subsequent cellular response. The FNTD could also be
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implanted in vivo (e.g. in the tumor volume) to elucidate clinically relevant information on a
plethora of particle variables in the Bragg peak.
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Summary

The lack of sensitive
biocompatible particle track
detectors has so far limited
parallel detection of physical
energy deposition and bio-
logical response in clinical
ion beam. We have devel-
oped a hybrid detector
(Cell-Fit-HD) for spatial

Purpose: To report on the spatial correlation of physical track information (fluorescent nuclear track
detectors, FNTDs) and cellular DNA damage response by using a novel hybrid detector (Cell-Fit-HD).
Methods and Materials: The FNTDs were coated with a monolayer of human non-small cell lung
carcinoma (A549) cells and irradiated with carbon ions (270.55 MeV u™', rising flank of the Bragg
peak). Phosphorylated histone variant H2AX accumulating at the irradiation-induced double-strand
break site was labeled (RIF). The position and direction of ion tracks in the FNTD were registered with
the location of the RIF sequence as an ion track surrogate in the cell layer.

Results: All RIF sequences could be related to their corresponding ion tracks, with mean deviations of
1.09 pm and —1.72 pm in position and of 2.38° in slope. The mean perpendicular between ion track
and RIF sequence was 1.58 um. The mean spacing of neighboring RIFs exhibited a regular rather than
random spacing.

Conclusions: Cell-Fit-HD allows for unambiguous spatial correlation studies of cell damage with

correlation of DNA damage
response to the correspond-

respect to the intracellular ion traversal under therapeutic beam conditions. © 2013 Elsevier Inc.

ing particle traversal. Cell-
Fit-HD is a platform for
radiobiological experiments
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to gain a deeper under-
standing between particle
hits and resulting biological
effects on the subcellular
scale beyond the statistical
relations we know today.

Introduction

The molecular mechanisms of radiobiological response to particle
therapy and space radiation are hardly understood yet. To foster this
area of research, we have developed a cell-fluorescent ion track hybrid
detector (Cell-Fit-HD) for simultaneous assessment of cellular
response and physical energy deposition parameters (such as location
of ion traversal, ion type, energy, and linear energy transfer [LET]
[1-3]) with a high spatial resolution (4). The Cell-Fit-HD is based on
a fluorescent nuclear track detector (FNTD; Fig. 1A) (5) used as
a substrate to coat with cell layers. Corresponding protocols have been
described previously (4). Both the FNTD and the immunofluores-
cence markers for cellular response can be read out in situ by the same
confocal laser scanning microscope (CLSM). The FNTD component
provides 3D information on energy deposition from protons and ions
whose flight path (track) can thereby be extrapolated into the attached
cell layer with subcellular accuracy (6).

In this article we report on the spatial correlation of physical
track information (FNTD) and cellular DNA damage response
(DDR) by using Cell-Fit-HD. Deoxyribonucleic acid double-strand
break (DSB) markers were used as a surrogate for the ions’ flight
paths through the nucleus. The locations to the tracks extrapolated
from the FNTD were compared with the DSB marker locations.

Methods and Materials
Al;05:C,Mg-based FNTD

Fluorescent nuclear track detectors consist of a single Al,05:C,Mg
crystal with F%*(ZMg) cluster defects in the crystal lattice.

Under ionizing radiation these defects can be transformed into
stable F3 (2Mg) centers. The radiation-transformed color centers
absorb light in the band centered at 620 nm light, prompting fast
750-nm fluorescence. This allows for single track visualization of all
particle types and energies found in particle therapy (1, 2, 5, 7) and
single ion track reconstruction (6, 8) using CLSM for the read-out.
The intensity of the read-out signal can be correlated to the linear
energy transfer (LET) of the traversing ions (1, 5). The confocal
read-out has a detection efficiency >99.83% and allows resolving of
ion beam fluence up to 5 - 107 cm ™2 (ie, clinical dose for C-12) (2).
The heat-resistant detector allows for autoclaving, enabling its
polished surface to be coated with a sterile cell layer (4).

Cell culture and cell coating

Human lung adenocarcinoma epithelial (A549) cells (obtained from
Deutsche Sammlung von Mikroorganismen und Zellkulturen,
Braunschweig, Germany) were cultured in Dulbecco’s modified
Eagle medium (Biochrom, Berlin, Germany, catalog no. FG 0415),
supplemented with 10% fetal bovine serum (Biochrom, catalog no.

S 0615) and 1% penicillin—streptomycin in humidified atmosphere
under standard culture conditions (37°C, 5% CO,). Cell-Fit-HDs
were generated as previously described (4). Briefly, a plating
density of 50 - 103 mL™", 0.5 mL per well was used to cover the
autoclaved FNTDs with an A549 cell layer. The Cell-Fit-HDs were
kept in humidified atmosphere until a confluent monolayer had
developed after 48 hours. The culture medium was changed after
24 hours.

Irradiation in therapeutic ion beam and
immunofluorescence staining

Carbon ion irradiation (initial 270.5 MeV u™", rising flank of the
Bragg peak, rypo = 13.70 cm) of the hybrid detector was per-
formed using the therapy beam of the Heidelberg Ion-Beam
Therapy Center (HIT) at Heidelberg University Hospital.
(Supplementary Material, available online). Irradiations were
performed under a polar angle 0;,, = 60° and azimuth @;,, = 90°
towards the incident ion beam using the protocols and setup as
described in (4) and (6).

The cellular compartment of Cell-Fit-HD was fixed 15 min
after irradiation with 4% paraformaldehyde for 10 min at room
temperature and stained for Y-H2AX and HOECHST 33342
(Supplementary Material).

Cell-Fit-HD read-out

For the sequential read-out by the CLSM LSM 710 Confocor3
(Carl Zeiss, Jena, Germany) equipped with a piezo stage, 63 x/
1.40 N.A. oil objective, and avalanche photo diodes (APDs) we
used the protocols as described in references 4 and 7. The FNTD
was read out by the 633-nm HeNe laser (100% transmission);
pixel dwell time T and line-scanning repetition R were limited to
4.97 ps and 4, respectively. A long-pass emission filter >655 nm
was used for APD detection.

The cell layer was imaged with a 405-nm diode laser (30 mW
nominal power, 5.5% transmission) for HOECHST 33342 and
with a 488-nm Argon laser (25 mW nominal power, 1.5% trans-
mission) for Alexa Fluor 488. For both channels T and R were set
to 2.48 pus and 4, respectively. For detection of HOECHST 33342
(Alexa Fluor 488) the photomultiplier channel was used with
detection window 410-495 nm (493-630 nm). Transmission pho-
tomultiplier detection was used in parallel for a subsequent image
registration.

To increase the imaging field, 2 x 2 adjacent images (tile scan)
were taken. A single imaging field comprised 1300 x 1300 pixels
(pixel size: 0.1038 x 0.1038 pm?). The ENTD (cell layer) image
stack comprised 33 (67) image planes with a z-spacing of 3 um
(0.3 um).
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Fig. 1.  Fluorescent nuclear track detector (FNTD) and cellular response to angular ion irradiation. (A) Two FNTDs (8 - 4 - 0.5 mm?>).
Courtesy of M.S. Akselrod, Landauer Crystal Growth Division. (B) Double-strand breaks accumulating along the ions flight paths in the
cell nucleus. False-positive (b) and false-negative (a) events are at equilibrium. (C) Example of superposition of cellular response data
(maximum intensity z-projection) with an image of the acquired FNTD stack proximate to the detector surface. Track spots: red; cell nuclei
(HOECHST): blue; Y-H2AX foci green. The arrows connect the radiation-induced yY-H2AX foci sequences with the recorded track spots of
the corresponding ion tracks. It is only a section of the total imaging field. Inset: Track spot, masked. Scale bar = 5 pum.

Ion track reconstruction

In Figure 2 a reconstructed path for the carbon ions in the cell
layer is shown. For assessment of the ion track centers, recon-
struction of the particle tracks in the FNTD (\Delta z= 3 pm) ,
and extrapolation of the ion trajectories into the cell layer we used
procedures described previously (6). Detection of intensity-
weighted centroids was applied with a global threshold of 0.4
(with pixel values in the interval [0; 1]). For less intense track
spots the threshold was adapted to 0.3 and 0.2. The uncertainty As
in the position of the FNTD surface in z was assumed to be 1 tm.
Small-scale scratches and digs in the polished detector surface
were neglected, and the position of the surface in z was assumed
to be constant. For correction of axial geometric distortion
occurring during the read-out of the hybrid detector we assumed
the thickness of the cell layer to be constant (6).

Ion hit statistics

In principle the number of hits per nucleus can be assessed by
track extrapolation and intersection with the nucleus body. For the
hit statistics (not for the correlation study) we chose a simpler
approach and counted only hits where the track center at the
FNTD—cell boundary falls into the maximum-intensity projection
of the nucleus. We assumed all ion tracks to have the same
orientation (0ion, @ion, see Results). Because the majority of tracks
had the same orientation, false-positive and false-negative events
were at equilibrium (Fig. 1B). The number of such hits was
multiplied by AJ/A, (with A., A,: mean area of cell and of
nucleus) to calculate the total number of cellular hits. All cells in
the imaging field were taken into account.

To categorize the ion traversals by carbon ions and by lighter
fragments, we applied the background subtractor from the Mosaic
tool collection (9, 10) on the FNTD image stack (sliding window
length: 80 pixels). In the image plane proximate to the detector
surface (approximately 10 pwm in depth) each track spot was
masked with a rectangle of dimensions Ax - Ay = 20 - 100 pixel

(inset, Fig. 1C). The intensity values within the rectangles were
summed and converted into the count-rate (1).

Study of spatial correlation

We correlated the reconstructed ion tracks from the FNTD to
radiation-induced y-H2AX foci (RIF) sequences in the cellular
compartment of the Cell-Fit-HD. We defined an RIF sequence to
comprise at minimum 3 distinct Y-H2AX foci accumulating at the
actual DSBs (11). Such signature allows for a robust study of high
specificity and lowers the probability of coincidental correlation
because not all foci necessarily account for irradiation-induced
DSBs (12, 13). We also assessed the feet of the perpendicular
(FOPs: intersection of the ion track with the perpendicular of the
corresponding Y-H2AX foci) of an RIF sequence.

Results
Ion hit statistics

An example of the resulting superposition of cellular response
data with an image of the acquired FNTD stack is shown in
Figure 1C. The cells formed a tightly packed layer. We counted
515 cells over the total imaging field. The mean area per cell, Ac
(nucleus, A,) was thus 158 um2 (83 umz). The actual ion beam
fluence was assessed to be 5.62 - 10> cm™2 The mean flight
direction of the traversing carbon ions was found to be 8;,, =
58.98° and @;,, = 84.69°, respectively (6). By the intensity of the
track spots, a LET surrogate (1), the ion traversals could be
categorized into 2 main populations: primary carbon ions and
lighter fragments, most probably protons. The fragments consti-
tute approximately 67% of the actual fluence (Fig. 5A). Thirty
percent of the fragments showed large angular scattering (ie, were
deflected more than 10° away from mean @;,y).

We estimated the nuclei hits to be 242 (on average 0.470 total
hits per nucleus); 103 hits by carbon ions and 139 by fragments,
with the following distribution: 315 nuclei not hit (322 according
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Fig. 2.  Projections (yz, xz, xy) of an ion track reconstruction and extrapolation into the cell layer. (A-C) The yellow dashed line indicates
the ion track (parameterized by 0iop, Yion, and @ion). The magenta check marks indicate the detected track centers in the image planes of the
fluorescent nuclear track detector image stack. Cell nuclei and yY-H2AX foci are depicted in red and white, respectively. (C) A section of the
Xy projection (including subvolumes of the detector image planes with the ellipsoidal track-spots). (D-F) Spatial correlation between ion
track (yellow line), cell nucleus (red), and y-H2AX foci (blue). The black lines indicate the 95% prediction intervals (only the upper right

and the lower left boundaries are shown) (6).

to an ideal Poisson distribution), 159 nuclei once (151), 40 nuclei
twice (36), and 1 nucleus 3 times (6).

In sum we identified 17 RIF sequences that could all be
correlated to single ion tracks (Fig. 3) (ie, 4% of all cellular hits
caused an RIF sequence). In 4 cases, 2 RIF sequences were
located in the same nucleus. The probability (4 of 17) of having 2
sequences in a single nucleus coincides well with the probability
(40 of 242) of 2 hits per nucleus.

Residuals and dynamics of RIF sequence

The mean residuals between the centroids of the scattered RIFs
and the ion tracks in x and y were 1.09 pm = 0.23 pm and —1.72
pwm £ 0.82 pum (standard deviation [SD]; Fig. 4A). The mean
slope of the reconstructed track Yo, = 90°— 8;,, = 31.02° +
0.80° and the mean azimuth @;,, (84.69° £+ 1.13°) coincided with
the mean slope Yrir = 33.40° £+ 5.94° and the mean Qg =
86.46° + 3.71° of the RIF— sequences (Fig. 2D-F). Generally, we
found a trend for the tracks to be located above (ie, in positive z)
the RIF sequences (indicated by negative residuals in y). The
mean perpendicular between the ion track and the Y-H2AX foci
was 1.58 pum =+ 0.69 pm (Fig. 4B).

Figure 5B shows the correlation between the intensities of
detected track spots and the mean distance between two neigh-
boring FOPs of an RIF sequence. The track-spot intensities are
clustered in the interval (400; 800 MHz).

Discussion

Although we expected a high sensitivity for DSB detection (11),
only 4% of the cellular hits were causing an RIF sequence (with at
minimum 3 y-H2AX foci). Possible reasons could be cell-cycle
arrest with a slowed-down DNA repair dynamic (and hence lack
of Y-H2AX) in the tightly packed cell layer, as well as DSBs
already repaired within the time-frame before fixation.

Residuals

The mean residuals between the scattered RIFs and the ion tracks
showed a systematic shift in x and y (Fig. 4). An orchestrated
rotation of the cell layer in the horizontal could be excluded to
cause this shift because the orientation of the RIF sequences and
of the ion tracks correlates well over the entire imaging field.
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Fig. 3. Radiation-induced Y-H2AX foci (RIF) distribution. If an
RIF sequence spreads over 2 cell nuclei the numbers of foci per
nucleus were treated separately (combination of a red and blue
bar). Inset: Number of RIFs per nucleus. In tracks 14-17 the
number of foci might vary because the nuclei are partly located
outside the imaging field. Partially, RIFs appeared to be fused,
hampering detection of the actual number of RIFs per sequence.
Although an RIF sequence comprises at least 3 y-H2AX foci, we
also took track 17 into account, where 2 foci were very close. In
track 12 the RIF sequences has only 2 Y-H2AX foci. Tracks 11
and 12 are traversing the same cell nucleus. Here the total number
of y-H2AX foci were counted first (more than 3) and then
assigned to the corresponding ion track.

The width of the angular distribution of the RIF sequences
parameterized by the SD might be an indication for a slight
rotation of individual nuclei. However, the accuracy in

determining the orientation of the RIF sequences was limited by
the small number of RIFs per sequence.

Migration of individual cells in the tightly packed epithelial
network with strong cell—cell adhesion was very unlikely. Due to
small residuals (eg, track 1; Fig. 4A) a collective translation of the
entire cell cover could be excluded.

Rather, the residuals (especially in y) exhibited a spatial
dependence: the largest values in the residual distribution can be
explained by an apparent drift of the cell layer in the upper right
quadrant (I) caused by inaccurate mechanical alignment of the
microscope stage during the tile scan (Fig. 4A).

Another major contributor to the residuals most likely results
from the uncertainty As of the exact position of the FNTD surface
in z. An error As = 1 pm translates into a systematic error in the
residuals in x and y of approximately 0.04 pm and 0.40 pm,
respectively (steep 8;,, [6]). The systematic error in the residuals
caused by limitation in the microscopy setup (eg, stage precision,
lowering of the stage in z) was <1 pm.

Stress-induced rearrangements as well as DSB repair
dynamics, whether by passive diffusion or directed migration
of the DSBs (14, 15), could also contribute to the residual
shift. In a broader context it is unclear whether the center of
the Y-H2AX foci actually indicates the location of the DSB
correctly and whether the vicinity of the DSB gets labeled
isotropically (16).

Dynamics of RIF sequence

The narrow distributions of the mean perpendicular per ion track
(Fig. 4B) emphasize a scattering of individual RIFs within
a sequence on the submicrometer scale. The number of RIFs
correlated to an ion track (Fig. 3) can only partly be explained by
the total ion interaction path length in the nucleus. The regular
rather than random spacing between neighboring FOPs and RIFs
(accumulation at 1 pm and 3 pm; inset in Fig. 5B) could be
attributed to chromatin organization (17-19) as well as RIF clus-
tering (15, 20) or reflect unrevealed correlations between LET and
recurring biological response patterns (Fig. 5B). According to the

Fig. 4. Mean lateral residual and mean perpendicular between the radiation-induced y-H2AX foci and the corresponding ion tracks. In an
initial step the residuals and the perpendiculars corresponding to a single ion track were averaged. (A) The overall mean in x (solids) is 1.09
pm £ 0.23 pm (red dotted line) and in y (circles) is —1.72 pim =+ 0.82 pm (blue dotted line). Inset: The residuals were sorted with respect to
the quadrant of the tile scan. (B) The distribution of the mean perpendicular (blue solids) shows a sigmoidal trend. The errors show the
standard deviation for each track. The overall mean is 1.58 um (red solid line) with a standard deviation of 0.69 |im (red dashed line). Inset:

Distribution of the mean perpendicular.
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Fig. 5.

Correlation between the intensities of the track spots and the mean distance between neighboring feet of the perpendicular

(FOPs). (A) Distribution of the track spot intensities, a surrogate for the linear energy transfer (1). According to the histogram the threshold
was set to 350 MHz (red dashed line) to distinguish between high linear energy transfer particles (mainly carbon ions) and lighter frag-
ments. (B) The mean FOP distances corresponding to carbon ion tracks are clustered in the interval (2; 3.3 um). The track-spot intensities
represented by the black solids are in fact smaller. Two very close neighboring tracks partly intersecting hinder a clear separation by the
track spot intensity analysis. The distances were calculated only between FOPs located in the same cell. Inset: The distribution of all FOP

distances exhibits accumulation around 1 pum, 2 pm, and 3 pm.

distribution of the track spot intensities (Fig. SA) the majority of
RIF sequences seemed to be caused by high-LET carbon ions
(Fig. 5B). The appearance of distinct RIFs emphasizes a stochastic
energy deposition pattern by the traversing ion. This compares
well with the appearance of blobs along single ion tracks (4),
which characterizes the FNTD as a promising biological cell
surrogate candidate to mimic biological response to ion
irradiation.

Conclusions

The novel hybrid detector Cell-Fit-HD provides direct visualiza-
tion and 3-dimensional spatial correlation of physical energy
deposition (1, 2, 5, 7) and cellular response after proton and heavy
ion irradiation with a diffraction-limited resolution. The nonde-
structive and sequential read-out by the very same CLSM without
removal of the cellular compartment is a key feature of this
radiobiological tool (4). The systematic shift in this spatial
correlation study was shown to be smaller than the dimensions of
a single cell and even of individual organelles (eg, nucleus).
Perpendicular irradiation of the Cell-Fit-HD will even lower this
shift and potential uncertainties (6). Cell-Fit-HD therefore allows
for unambiguous spatial correlation studies of cell damage with
respect to the intracellular ion traversal. The 3-dimsensional ion
track reconstruction opens a novel way to consider a plethora of
physical track parameters like LET and fluence in the
hit—response relationship. Combined with live-cell imaging, one
can reveal both temporal and spatial correlation and thus enhance
our understanding of the cell-killing effect in the vicinity of
particle hit and may identify other critical targets than the nucleus
(21, 22). The possibility of resolving a clinical fluence and the
short irradiation time for large numbers of cells (<10 seconds)
enables experiments under therapeutic beam conditions. Making
transition of cellular response from a microscopic to a macro-
scopic scale could help further adjust therapeutic ion beam
parameters, elucidate its superiority for the treatment of certain
tumors, and estimate the effect of normal tissue complication.

These studies will be valuable in the search for a more appropriate
parameter for the quantification of tumor response to ion radiation
therapy than the dose absorbed.
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