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Mitochondria, organelles of the cytoplasm, are the power plants of the cell and thus their function is important
for the survival of cells. Mitochondria are known to depolarize after targeted irradiation, but the effects on cells
are still unclear. The aim of this work is to investigate the effects of mitochondrial depolarization on growth and
survival of cells. We performed targeted irradiation with 55 MeV C°*-ions at the ion-microbeam SNAKE at the 14
MYV tandem accelerator in Garching near Munich, with a beam spot size of ~1 pm. Approx. 6% of the mito-
chondrial area was irradiated in 74 cells with 5,120 carbon ions homogenously distributed over a square area of
13.2 um?. Cell growth was investigated by observing the cells for 3.5 days via live-cell phase-contrast microscopy
and evaluating the number of vital cells. While the number of irradiated cells remained constant during the
observation, the unirradiated control group showed exponential growth. An additional particle track detector
test with polycarbonate revealed that 4% parasitic ions hit the cells up to 500 um away from the target, forming a
so-called halo and inducing a mean parasitic dose of (2 + 2) Gy on the cells. This dose alone, when applied in cell
nuclei, is large enough to reduce the survival and growth of cells significantly and overrides any effects caused by
targeted irradiation of mitochondria. Subsequently, several methods to reduce the halo were investigated. A
significant reduction in halo size and number of ions in the halo could be achieved by using C®*-ions instead of
C5*-ions. The slit openings, correction of lens errors, and the beam spot size had minor influence on the halo size
but could achieve a reduction in halo dose. Overall, a 97% reduction in halo area and a halving of halo dose were
achieved.

in several studies, cellular radiation effects could be found when irra-
diating the cell cytoplasm. The effects were mainly visible in the inhi-

1. Introduction

Since the 1950s, the main dogma in radiobiology has been that the
cell nucleus, which contains DNA, is the main target of radiation. In this
context, irradiation using microbeams was very successful in studying
radiation effects on sub-cellular structures. Microbeams were developed
for focusing charged ions or x-rays to beam spot sizes of a few micro-
meters or even smaller. With such facilities, cells can be targeted for
irradiation with high accuracy in subcellular compartments and
whereby a counted number of ions can be delivered. Therefore, it can be
investigated how different organelles react to irradiation [1-3]. Using
this technique, researchers could show that the cytoplasm is radio-
resistant while the nucleus is very radiosensitive [4-6], supporting the
overall accepted paradigm. Also, other effects like the bystander effects
[7-10] or the track structures and the foci induction along ionization
paths [2,11-13] are investigated by the use of microbeams. In contrast,
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bition of DNA synthesis and oxidative stress-related reactions [14-17].
These experiments add a level of complexity to the radiation effects on
cells. There seem to be effects beyond the pure DNA damage, which
cause radiation response in cells.

One prominent target in the cytoplasm, which is connected to
cellular radiation response, are mitochondria [18]. Mitochondria, are
the power plants of the cell, converting ADP (adenosine diphosphate) to
ATP (adenosine triphosphate), thus producing the primary energy
source for the cell. Therefore, they are essential for cell survival. Tumor
cells in particular are highly dependent on the functionality of their
mitochondria due to their increased metabolism [19]. In 2017, D.W.M.
Walsh and coworkers could show that the targeted irradiation of mito-
chondria leads to the depolarization of the mitochondrial membrane
[1]. This depolarization results in the release of cytochrome c. If
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cytochrome c is present in large quantities in the cell, apoptosis can be
induced [20]. Walsh et al. only investigated short-term radiation effects
on mitochondria.

Therefore, the goal of this consecutive study is to investigate the
long-term reactions of human tumor cells after depolarizing mitochon-
dria with targeted irradiation. Small mitochondrial areas in single cells
were irradiated using 55 MeV 5-times positively charged carbon ions at
the microbeam SNAKE at Meier-Leibniz-Laboratorium in Munich. After
irradiation, the cells were imaged for 3.5 days via phase contrast mi-
croscopy and cell growth was evaluated on the resulting videos.
Furthermore, principle investigations were made on beam spot size, the
number of ions outside the target, and the used charge state of the ions.
Especially the ions, which hit the sample outside of the focal spot, are
important for high-LET targeted irradiation, as a single ion hit in the cell
nucleus can already cause cell death [21,22]. All beam properties were
measured using etched polycarbonate nuclear track detectors as it is
common in the microbeam community [23-25].

The polycarbonate measurement of the irradiated target shows a
halo of 4% of the irradiated ions, which hit the polycarbonate foil up to
500 pm away from the target. As this halo is big enough to damage cell
nuclei on the sample, an optimization of the microbeam was necessary.
In this study, we present the optimization process. As a first step, we
change the ion sort from C>* ions to C®* ions. Additionally, we had to
adjust the slit openings to yield a higher ion throughput and to correct
lens errors by slightly changing the magnetic fields of the super-
conducting lenses of SNAKE by energizing correction wires at the pole
pieces. With these optimizations, the halo could be reduced to 0.76%
ions in the halo of all irradiated ions with a maximum distance of 167
pm.

2. Methods
2.1. Microbeam facility SNAKE

The experiments were performed at the Maier-Leibnitz-Laboratory in
Garching near Munich at the microbeam facility SNAKE (Super-
conducting Nanoprobe for Applied nuclear (Kernphysikalische-) Ex-
periments). One-time negatively charged carbon ions were accelerated
in a linear accelerator of the type Tandem-van de Graaff. In the center of
the accelerator, the ions traversed a thin carbon stripper foil, that
removes electrons from the ions. The stripped ions were accelerated a
second time with the terminal voltage. After leaving the accelerator, the
ions passed a 90°-magnet, where they were sorted due to their energy
and charge. In this study, 55 MeV C°* and C®" ions were used. At the
focal point of the 90°-magnet, the beam was cut with two pairs of slits,
so-called object slits. Thereby, one pair cuts the beam in horizontal di-
rection perpendicular to the beam, in the following defined as x-direc-
tion, and the other pair cuts the beam in vertical direction perpendicular
to the beam, defined as y-direction. These slits define the beam spot size
of the object, which is focused via superconducting lenses to the target.
Additionally, the divergence of the beam was reduced with another two
pairs of slits down to 10 urad. The slit system is described in more detail
in [26,27]. All slits consist of mechanically lapped tungsten at a cylin-
drical geometry with a top radius of r = 100 mm, which provide a small
transparency zone for beam particles. Downstream these slit systems,
the beam was further focused to a beam spot size of approx. 1 ym using
three superconducting magnetic quadrupoles, as described in [27] in
detail. The first two quadrupoles were used for focusing in x-direction,
whereas the last lens was used for y-focusing. Spherical aberrations in
this lens system can be corrected by energizing superconducting wires,
so-called supraloops. The supraloops eliminate asymmetries in the
magnetic field, which occur due to mechanical imperfections in the lens
system. These imperfections lead to asymmetric magnetic fields if the
net magnetic flux within all four poles of one quadrupole is not the same,
dominated by induced sextupole fields. The supraloops correct for the
field asymmetries, as they are connecting neighboring pole shoes, and
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can be actively regulated by applying a current from the outside. A more
detailed description of the correction wires can be found in [28].

2.2. Ion focusing

Prior to focusing the object and divergence, apertures were centered
on the transmitted beam. This was done in a two-stage process. First, the
maximum current measured with a cup placed behind the focusing unit
in vacuum was cut out in both x and y direction. This was possible as for
each aperture both jaws can be moved independently. In this step, the
object which was used for focusing was defined as a 200 pm x 200 ym
sized square. In the second step, a mesh was inserted in the beam path, to
allow an optical visualization of the beam on a YAG scintillator placed
on the microscope at the beam exit. This mesh induced a grid-like point
pattern having 15 columns and lines. Here, the exact middle of the beam
was defined by applying low currents on the focusing lenses to be able to
see the outer regions of the beam and taking the 5 columns and lines of
points in the middle. These 25 points were focused by eye to the smallest
possible size using a 20x objective first and a 40x objective for fine
focus. After this, the mesh was moved out of the beam and the beam was
corrected for the rotational misalignment of the lenses by an additional
small quadrupole rotated 45° to the orientation of the three main
quadrupoles of SNAKE, allowing for the smallest possible focus. From
September 2018, the head of the lens supporting structure was shielded
from noise originating from vacuum pumps and experimental equip-
ment in the experimental hall by a housing of egg foam with a knob
height of 4 cm. The outside noise caused mechanical vibration in the
lens system, which needed to be suppressed to achieve the best beam
spot size. Finally, the beam was corrected for blurring by electromag-
netic fields originating from all devices connected to electrical power
supply. This distortion was in phase with the 50 Hz of the power supply
system and could therefore be actively corrected using the x and y
deflection plates. First, the 50 Hz synchronized amplitude of deflection
by the parasitic fields was determined in x and y direction and then the
inverted signal was applied to the beam. A detailed description can be
found in [29].

2.3. Single ion irradiation

For single ion irradiation, a scintillator (BC400, Fa. Bicron (Saint-
Gobain Crystals), France) is placed behind the irradiated sample and is
coupled to a photomultiplier tube (PMT, Metal Package, R7400P, Fa.
Hamamatsu, Germany), which can detect single transmitted ions. The
PMT-based detection is connected to the hardware electronics and the
software. The hardware counts the ions and sends a trigger signal if a
prescribed number of ions has been detected. The trigger is used by the
software to set the next point of an irradiation pattern. To ensure that
after reaching the defined number of ions per irradiated spot the irra-
diation stops, an ultrafast electrostatic beam switch is also controlled by
hard- and software. The beam switch is an electrostatic chopper that
deflects the beam approx. 10 m in front of the focusing unit by applying
3 kV voltage on condensator plates perpendicular to the beam. This
chopper can switch off the beam within 1 ps including a transfer time for
ions for the target that have already passed the chopper before it was
closed. The irradiation is started by giving an initial trigger signal to the
chopper to open it. Then irradiation is performed at a single spot until
the desired number of ions is reached, then a signal is given to the
chopper to close and the deflection plates take the new voltage to deflect
the beam to the next position. After this, a trigger is given to reset the
counter and open the chopper and irradiation starts again. This is done
until all defined positions or targets are irradiated.

The ion detection system can be run in two modes: for live-cell
irradiation and for beam measurements using polycarbonate foil. For
beam measurements, a scintillator is directly coupled to a photo-
multiplier tube and placed in the objective revolver of the microscope
behind the sample. This system is easy to use and very robust ensuring a
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high signal-to-noise ratio. For live-cell imaging, this system can’t be used
as an objective needs to be put behind the sample to be able to do im-
aging directly before and after irradiation. Therefore, another detection
system was developed, where an EJ 228 scintillator (Eljen Technology,
US) serves as growth substrate of the cells. The scintillation light is
guided through the microscope beam path to a camera port where the
PMT is mounted. This system allows for a fast switch between imaging
and irradiation to ensure the best imaging quality, as the optical com-
ponents are not moved [30].

2.4. Measurement of the beam spot size

For the measurement of the beam spot size, a matrix with one ion per
point and a point distance of 10 ym or 12 um was irradiated on a pol-
ycarbonate foil. After irradiation, the polycarbonate was etched with
6.3 M NaOH-acid for 45 min at 70 °C. The etched foil was then cleaned
with ethanol and fixed between an object glass and a cover glass with
water droplets. Then, the ion tracks were imaged with a 40x objective
(Plan-Apochromat 40x/0,95 Korr Ph3 M27, Zeiss, Germany) with
brightfield transmission light illumination at an inverted microscope
(Axio Observer Z1, Zeiss, Germany) and a field of view of 225 ym x 168
um. In each image, the center of mass of each ion hit was determined
using FLJI software [31]. First, the images were inverted and back-
ground corrected with a rolling ball algorithm with 10 pixels size, using
the preinstalled plugins. Then, the contrast was enhanced and the image
was rotated such that the matrix lines were oriented horizontally. A 3D
object counter was applied, which determined the center of masses and
collected it in a table. In the next step, a theoretical matrix was adapted
to the actual measurement by taking rotation, translation, distortion,
and strain into account. For each matrix point, the deviation from the
best-fitted theoretical matrix is determined and a Gaussian function is
fitted to the histogram of hits with a bin size of 0.1 pym in x and y di-
rection. The full width at half maximum of the Gaussian functions cor-
responds to the x and y beam size. This method is in detail described in
[29].

2.5. Halo measurements with polycarbonate

Polycarbonate foils of several cm in size were irradiated with a large
number of ions in two geometries. The first geometry is a 8 x 8 matrix
with a point distance of 0.52 pm, resulting in a target size of 13.2 pm?,
with 80 ions per point and thus 5,120 ions in total. A homogeneous dose
distribution within the matrix can be assumed due to the beam spot size
of approx.1 um. For the second geometry, 10,000 ions were irradiated in
a single point. The foils were etched and imaged as described in section
2.4, resulting in 1.6 um sized circular damages. To ensure that all hits are
on the resulting image, a 5 x 5 image matrix with 20% overlap and a
total size of 940 um x 704 pm was recorded. For targets with a larger
halo, a 9 x 9 image matrix with a size of 1656 ym x 1241 ym was
recorded. Five focus levels with a distance of 1 ym were recorded to
counteract thickness differences in the polycarbonate. Images were
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stitched with the stitching tool in ImageJ software [32]. The target area,
where the visible ion hits overlap and counting is impossible was labeled
with a polygon shape. All other hits were labeled manually with the
multipoint selection tool of Fiji software [31].

2.6. Cell seeding and staining

HeLa cells were grown in RPMI (RPMI 1640, Sigma Aldrich)
completed with 10% v/v FCS (Sigma Aldrich) and 100 mg/ml pen-
icillin-streptomycin (Sigma Aldrich) at 37 °C, 95% humidity, and 5%
CO4, saturated atmosphere.

Cells were seeded in specially designed live-cell imaging containers,
which use the EJ 228 scintillator as a growth substrate, 24 h prior to
irradiation (Fig. 1). These containers allow to irradiate and consecu-
tively image cells, while they are covered with medium and temperature
is maintained at 37 °C. For this purpose, the containers can be sealed
with a cover plate, which has a 4.7 um thick polypropylene beam
entrance window. The temperature is maintained as the stage,
container, and beam exit nozzle are heated to 37 °C during irradiation
and imaging. A detailed description of the live-cell imaging containers
can be found in Hable et al. [30].

The scintillator was coated with CellTak (Corning, 3.5 pg/cmz),
which was dissolved in NaHCOs (Sigma, 30x buffer, 0.1 M) a day before
cell seeding, to increase cell attachment and growth. After 20 min of
incubation at room temperature, the Celltak was removed and the
sample was washed with water. The samples had to dry at air for 24 h
and were sterilized with UV light for half an hour.

Cells were seeded in 4well (Microinsert 4well Fultrac, Ibidi), silicone
inserts, which are self-attaching and were placed in the middle of the
scintillator window, as shown in Fig. 1. The inserts contain four cones
with openings towards the bottom with a diameter of 0.4 mm. This al-
lows for plating of 4 cell isles containing approx. 50 cells at defined
positions on the scintillator. Low cell numbers are necessary to be able to
irradiate all cells in a reasonable time. For plating, the cones of the insert
were filled with 10 pl of cell solution containing 70.000 cells/ml and the
sample was incubated for 1 h at 37 °C. In this time, 30 - 50 cells adhere
to the scintillator in the growth areas of the insert. When cells are
attached to the scintillator, the insert was removed and the sample was
incubated for another 23 h. With this technique, the seeding of four well-
defined cell areas with a distance of 1 cm to each other on one sample
was achieved.

30 min before irradiation, mitochondria of all cells (cells for irradi-
ation and sham cells) were stained with TMRE (Tetramethylrhodamine-
Ethylester, ThermoFisher). For this procedure, the medium was
removed and 50 nM TMRE in medium was added to the cells. After 25
min of incubation at 37 °C, the solution was removed and the cells were
washed once with medium. Finally, the LCI container was filled with 6
ml medium and the container was closed and mounted at the 90°-tilted
microscope (Axiovert200M, Zeiss) located at the SNAKE beam line.
Here, the sample was heated to 37 °C.

Fig. 1. The special cell seeding method for seeding low numbers of cells. The insert was placed on the scintillator window of the LCI, depicted on the left. In the
middle, the insert is shown, which has four cones with openings towards the bottom and on the right, the growth area is shown. The diameter of the growth area is

0.4 mm.
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2.7. Cell irradiation and imaging

Cells were irradiated with 55 MeV C> ions. Energy loss in the 7.5 um
kapton beam exit window of the beam tube, the 4.7 um polypropylene
beam entrance window of the sample and the approximately 20 pm thick
medium layer covering the cells lead to an ion energy of 43 MeV and an
LET in water of 365 keV/um at the cell level.

For irradiation, the cells were imaged using a 40x objective (Plan-
Apochromat 40 x/0.95 Korr Ph3 M27, Zeiss, Germany), the 555 nm LED,
and an appropriate filter cube (43HE Zeiss) to detect the fluorescent
light of TMRE. With this setup, the mitochondria in every cell could be
visualized and therefore the location of the targets could be determined
for the irradiation. In each cell, a spot in the mitochondrial area located
in the cytoplasm was manually defined as irradiation spot, as depicted in
Fig. 2A. If the mitochondrial area was too small for the target, the target
was located into the nucleus to ensure cell death of this cell and to avoid
any contribution of these cells to cell growth. For the experiments of this
manuscript, one cell area was irradiated and a second one was unirra-
diated and kept as a sham control. In the first, the cells were irradiated
with square-shaped targets. A target consists of a 8 x 8 matrix with
matrix point distances of 0.52 um resulting in a homogenous dose dis-
tribution on a field of 13.2 pm?2. Every matrix point was irradiated with
80 carbon ions, therefore in the whole target area, 5,120 ions were
deposited. The locations of the targets in the cell area were chosen
manually. Manual target definition and irradiation took 1 h.

After irradiation, the sample was moved to an inverted microscope
(Axio Observer Z1, Zeiss) with a motorized stage. Every 15 min, the cells
of each area were recorded with a 20x objective (LD A-Plan 20x/0.30
Phl, Zeiss, Germany) in phase-contrast illumination mode using
condenser annulus pH 2. For video recording, the cell isles were imaged
on three (unirradiated cell isle) or four spots (8 x 8 irradiated cell isle).
This approach ensures that all cells are recorded on the videos, even if
the cell colony grows and the cells, therefore, are distributed over more
space. During the whole observation, the cells were incubated at 37 °C
and 5% CO- with a stage-top incubator (Stage Top Incubator, Tokai Hit).

3. Results and discussion
3.1. Cell survival after targeted irradiation of mitochondria

The first aim of this study was to investigate the effects on cell growth
after depolarizing approx. 6% of mitochondria in a cell. Cells were
seeded in small, well-defined circular areas 24 h before irradiation using
a newly established cell seeding method. With this method, a low
number of 30-50 cells was seeded in each cell area as depicted in Fig. 1.

This number is small enough to perform targeted irradiation on all
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cells in less than 1 h. The mitochondria stained with fluorescent TMRE
were imaged with the microscope at the beam line. The targeted irra-
diation was performed by manually choosing the locations of the targets
in the images taken directly before irradiation. Thereby, every target
was located in the mitochondrial area of each cell, as shown in Fig. 2A.
To avoid movement of the cells and therefore bad targeting, the time
between pre-irradiation image and irradiation did not exceed 5 min.
Each cell was irradiated with 5,120 55 MeV carbon ions with an LET of
365 keV/ym in a 13.2 pmz area, corresponding to a dose of 22.7 kGy in
the target area. Such a high dose, which was deposited in the target area,
was necessary to depolarize mitochondria to switch them off, as shown
in a previous study [1].

After irradiation cells were imaged for 3.5 days at a live-cell imaging
microscope. Each position was imaged every 15 min using phase
contrast imaging. The unirradiated cell isle was recorded on three po-
sitions and the irradiated cell isle on four positions to ensure that all cells
are recorded even if the cell colony grows and the cells are therefore
distributed over more space. The videos are evaluated by counting the
vital cells on each frame based on the following equation:

N(t) = N(t = 1) = Neett dean(t) + Neetr division (t)

where N(t) is the number of vital cells at frame t, Neey geqn(t) is the
number of cell deaths and N giision(t) is the number of cell divisions,

which occurred in frame t. The cell growth rate is calculated as the
N(t)

N{(0)
Fig. 2B, where N(0) is the number of vital cells in the first frame. The
error bars depict the standard deviation between the three or four videos
recorded of the cell isles. The number of vital cells in the unirradiated
group increased exponentially. After 3.5 days, the population of unir-
radiated cells increased almost sixfold, whereas the cell number of the
irradiated group remains constant.

As described, we have evaluated the cell growth after targeted irra-
diation of mitochondria of human HeLa cells. Since 1953, the overall
consensus in radiobiology is that the cytoplasm is less radio-sensitive
than the nucleus. H.T. Epstein published a comprehensive communica-
tion, where he argued that the nucleic acid volume, i.e. the DNA is the
sensitive target for radiation [33]. This came along with the develop-
ment of the first biological microbeam of R.E. Zirkle and W. Bloom in the
same year [4]. They irradiated 2.5 um sized areas in mitotic cells using 2
MeV protons. Radiation-induced effects were only visible in the DNA
around the ion traversal and not after cytoplasmic irradiation. Since
then, several studies showed that cytoplasmic irradiation has no or less
cytotoxic effects using either UV microbeams, ion microbeams, or short-
ranged ion irradiation. For example, T.R. Munro irradiated cells from
the side with alpha particles from a polonium-tipped microneedle [6].

normalized number of vital cells per frame: n(t) = as shown in

Fig. 2. Targeted irradiation of mitochondria and cell
growth assessment. In A, the target area is indicated

7 T T

Unirradiated
8x8 matrix irradiated

Normalized number of cells [Counts]

with a yellow box with which the mitochondrial area
of each cell was irradiated. Whereas in B, the cell
- growth is shown. In this graph, the number of vital
cells was normalized to the number of vital cells on
4 the first frame. The cells were irradiated with a 8 x 8
matrix with an area of 13.2 ym? in the mitochondrial
41 area. While the number of vital cells increased expo-
nentially for the unirradiated group, the number of
4 vital cells in the irradiated group stayed constant for
the whole observation time of 3.5 days. This experi-
ment was performed once, due to the extent of the
measured halo discussed in Sections 3.2 and 3.3. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

O 1 1
0 20 40

60 80

Time after irradiation [h]
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The distance of the needle to the cell nucleus was chosen, such that the
alpha particles didn’t reach the cell nucleus. No effect on the survival of
cells was measured with irradiation of >250 Gy alpha particles to the
cytoplasm. These results could be confirmed by many other studies as
summarized in [34], leading to the paradigm of non-radiosensitive
cytoplasm. However, in the last 70 years, there were also studies
pointing to some radiation effects in the cytoplasm. Especially hindering
effects on DNA synthesis were reported [14-17]. These and other so-
called bystander effects of cytoplasmic irradiation were mainly traced
back to the induction of cytotoxins, which then damaged the DNA
[18,34]. Overall, the dose needed to induce measurable effects by irra-
diation of cytoplasmic regions is much, up to several hundred times,
higher compared to the dose needed with nuclear irradiation. Further-
more, the effects were much smaller compared to nuclear irradiation.
These findings challenge the overall accepted dogma of the cell nucleus
being the main target of radiation. One cell organelle, which might play
a role in the cellular response to radiation are mitochondria [1,18], as
mitochondria are the power plants of the cells and the only other loca-
tion in the cell besides the cell nucleus, where DNA is present. Mito-
chondria seem to play a major role in radiation-induced oxidative stress
and therefore can be a key player in the cellular radiation response
network [18,35]. Furthermore, Walsh and co-workers were able to
depolarize mitochondria with high local doses of 55 MeV carbon ion and
3 MeV proton irradiation using microbeams SNAKE and AIFIRA [1].
They investigated mitochondrial depolarization using TMRE as an in-
dicator of an intact mitochondrial membrane potential and demon-
strated by fluorescence measurements that the loss of TMRE signal after
irradiation was due to loss of mitochondrial membrane potential and not
to ion-induced bleaching. In the current study, we showed that depo-
larizing, and therefore inactivating, approx. 6% of mitochondria by
irradiating >5000 ions in the mitochondrial area leads to a total growth
stop of the cells. The underlying mechanisms for the depolarization are
still unclear and further investigations are necessary. Structural changes
due to direct interaction or radiation-induced reactive oxygen species
are thinkable. The extraordinarily high amount of produced ROS when
irradiating such high doses (approx. 22.7 kGy in the target area) can also
induce intracellular bystander effects by causing for example mutations
in the DNA. Additionally, such an amount of ROS can lead to significant
oxidative stress that might lead to growth arrest [36,37]. Furthermore, it
is possible that other organelles in the cytoplasm were hit when tar-
geting mitochondria, which could further affect cell growth. However,
previous studies showed that the traversal of many high-LET particles
(up to 250 alpha particles) in the cytoplasm has minor effects on the
overall cell survival [6,38] compared to the traversal of few high-LET
particles in the nucleus [39]. In this study, >5000 ions (approx. 22.7
kGy in the target area) were irradiated in the cytoplasm which is a much
higher dose than usually applied. The effects of such a high dose in the
cytoplasm on cell survival are unknown, as they were never tested
before to our knowledge. The total growth stop of cells observed in this
study is not entirely unexpected, but this extent of growth stop seems
unusual. Therefore, the results of the presented study were questioned.
Experiments of high-LET particle irradiation of non-nuclear areas al-
ways pose the risk of parasitic nuclear hits, which result in high cell
killing. In general, a single carbon ion induces a mean dose of 0.73 Gy to
a cell nucleus. Considering cell survival curves measured by Bedford and
Hall and Friedrich et al., a relative biological effectiveness of the carbon
ions used in this experiment of 4 and a cell survival below 50% can be
considered for a single carbon ion hit in the cell nucleus [21,22].
Therefore, unexpected hits of the cell nucleus may dominate the radia-
tion effect and need to be excluded.

3.2. Targeted irradiation accuracy
Polycarbonate foil was irradiated with 5,120 ions in a matrix

configuration of the size of 13.2 ym? as described in detail in Section
2.2. The polycarbonate foil serves as a solid state nuclear track detector
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and can be used to visualize single ion hits by standard brightfield
transmission light microscopy [23]. This irradiated target is referred to
as target 1. In Fig. 3A, a microscopy image of target 1 is shown and in
Fig. 3B the outline of the target area. A description of how the target
areas were determined on the etched polycarbonate is given in Section
2.5. The center point of the target area was calculated by determining
the center of mass. The maximum distance from the center point to the
furthest edge of the target area is denoted as target radius. This radius is
represented by the yellow circle in Fig. 3C and has a size of 6.5 um. The
maximum target radius of all targets irradiated for this study is 10 pm.
This radius is shown in Fig. 3C by the red circle. Only ions farther than
10 pm from the target are included in the halo and considered in the
evaluation.

Target 1 was irradiated with 55 MeV G>' ions with object slit
opening of 20 um x 10 um, divergence slit opening of 50 um x 100 pm,
and no aberration correction using supraloops. These were the same
settings as for the targeted cell irradiation. Fig. 4A shows all ion hits of
target 1 on the etched polycarbonate. The hits occur not only in the
target area, marked by an arrow, but also outside. The quantification of
parasitic halo hits is shown in Fig. 4G and H. In Fig. 4G, the ion hits of
target 1 are depicted with red squares. The horizontal and vertical dis-
tributions of ion hits are shown with histograms above and on the right.
A total of 218, i.e. 4.3% of the irradiated ions hit the polycarbonate
outside the target area at distances of up to 600 um from the center of the
target. Almost all of these hits occurred in the lower right in an area of
150,000 pmz. In Fig. 4H, the radial distances of halo ion hits are
depicted. The mean radial distance of target 1, depicted by a black
horizontal line, was 258 ym with a standard deviation of 96 um, shown
by an error bar.

3.3. Estimation of the dose induced by halo ions

The carbon ions had an LET of 365 keV/um at the cell level. One
carbon ion deposited a dose of 0.73 Gy in the cell nucleus. Therefore, the
halo with an area of 150,000 pmz deposited a mean dose of Dy, =
0.086 Gy. In Fig. 5A, the halo area of one target is outlined in yellow in
comparison to the cell’s location in the fluorescence image of the irra-
diated cell population. The halo area is large enough to overlap almost
all cells in the cell area consisting of 74 cells. The locations of the cells
and the targets were recorded by the microscope at irradiation. The cell
area was irradiated with 74 targets (one target per cell in the cell area)
and each of the targets had a halo of this extent and shape. The 74 halos
partly overlapped, as the cells were densely seeded in an area of
126,000 pmz, which is smaller than the measured halo area. To estimate
the dose to the cell growth area applied just by the halo, the overlaps of
the halos were calculated from the locations of the targets and the dose
distribution solely caused by the halos was calculated based on the
overlaps. For each halo, a homogeneous dose distribution was consid-
ered for simplification. Fig. 5B shows a heat map of the calculated dose
distribution overlaid by the locations of cells. Coming from the upper
left, the lower left, or the upper right corner the dose increases steadily
towards the lower right corner and is the highest there. The maximal
dose was 6.3 Gy, whereas the mean dose and standard deviation over the
whole cell area was (2 £ 2) Gy. As this heatmap depicts, 23% of the cells
received a dose higher than 3 Gy caused solely by the halos and 57% of
the cells received a dose between 1 Gy and 3 Gy. 20% of the cells
received a dose below 1 Gy. Solely 0.07% of the cells received halo doses
less than 0.1 Gy.

This means that 80% of the cells, including the radiation-sensitive
nuclei, were irradiated with doses > 1 Gy. High-LET particle-induced
doses of this magnitude lead to significant cell killing, as known from
radiation effects on eukaryotic and especially HeLa cell nuclei
[21,22,40]. Therefore, the halo dose to the cell nuclei can be considered
as one of the main factors responsible for cell growth inhibition as
measured here. The irradiation of the cytoplasm is magnitudes of orders
less lethal than the irradiation of the nuclei [34]. The DNA damage
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induced by homogeneous irradiation of cells with doses > 1 Gy is so
severe that it far outweighs the potential effects of mitochondrial de-
polarization. Therefore, the changed cell growth can be assumed to be a
possible effect of the halo irradiation instead of the targeted irradiation
of the mitochondria. In addition, oxidative stress caused by the high ROS
production due to the high dose in the target area also may have
influenced cell growth and should be tested in the future. However, in
this publication we have focused in the following on the optimization of
the microbeam and reduction of the halo, as a proper measurement of
ROS would also require an accurate targeting of the irradiated ions. To
avoid irradiation of the cell nuclei, the halo ions should not hit further
than 5 um from the target. As this distance to the cell nucleus can be well
maintained as a buffer zone when irradiating the mitochondrial area.
This estimation of parasitic dose shows, how important a proper quality
assurance of the microbeam is when targeted irradiation effects in the
cytoplasm are investigated. Subsequently, such beam analysis, as pre-
sented in this paper, should be performed to prevent inducing any
bystander effects by halo irradiation.

3.4. Optimization of the halo by changing the ion sort to C°*

The halo is most likely caused by charge changes or scattering events
at the residual gas and slits in the beamline. The C>* ions were used, as
they are supplied with the highest yield by the accelerator [41]. These
ions tend to lose their last electron during collisions in the beam path
[42,43]. Ions with a different charge state are focused on a different
focal spot by the superconducting multipoles and may be slightly
deflected by parasitic magnetic dipoles in the beam line of the electro-
static scanning device, leading to a halo at the C>* focal spot. Therefore,
the probability of charge change events must be decreased to reduce the
halo. The cross section for an electron capture of a 50 MeV C®*-ion is 6
times smaller than the cross section for a 50 MeV C>'-ion to lose an
electron in nitrogen gas [43]. This difference is even higher when 55
MeV carbon ions traverse a carbon foil. Here, the electron capture cross
section of a C®'-ion is 19 times smaller than the electron loss cross
section of a C>"-jon. This value is derived from Shima et al. [41], the
underlying derivation can be found in the supplementary. Overall, it can
be concluded that the use of C®* ions has the potential to reduce the halo
significantly. Therefore, the halo formation for C®* was experimentally
tested. In Fig. 4, two C® targets (E and F) and their corresponding halos
(B and C) are shown. As already visible by eye the halo size was
significantly reduced. Target 4 is a single spot target irradiated with
10,000 ions using object slits of 20 um x 10 um and divergence slits of
50 um x 100 pm just as for irradiation of target 1. Fig. 4G shows the ion
distribution around the target, which is significantly reduced in target 4
compared to target 1. Furthermore the mean radial distance of ions in
the halo was reduced by the use of C5" (target 4) compared to C>*
(target 1) from (258 + 96) um to (16 + 10) um, shown in Fig. 4H. In
target 4, only 3%o of the ions were located in the halo with a maximum
distance of 63 um.

One has to note that the ion yield of the accelerator for Co*

was
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Fig. 3. Visualization of the evaluation of the
target and the halo. In A, target 1 is shown. The
scale bar in black has a size of 10 um. In B, the
outline of the target area is shown. The ion hits
on the polycarbonate in the target area are so
close together that they can no longer be distin-
guished. In C, a circle with the target radius of
target 1 (6.5 um) is depicted in yellow. The red
circle in this image has the size of the maximum
target radius in this study of 10 pm. For the halo,
only ions farther from the target than the
maximum target radius were considered. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web

reduced by a factor of 10 compared to C>* [41], resulting in a count rate
of 300 Hz. At this low count rate, irradiation of the cells in a reasonable
time is not possible. Therefore, it is necessary to work with larger slit
openings while conserving the focal spot size. To achieve a count rate of
3 kHz for C®* ions, it is necessary to work with object slits at 100 ym x
30 um and divergence slit openings of 200 um x 200 um. To keep spot
size small, the lens was equipped with correction wires, so-called
supraloops. They were energized so that no aberrations were visible in
the ray tracing pattern on the scintillator. In Fig. 4, Target 10 shows the
optimized beam, with the optimized configuration as detailed evaluated
in Section 3.5. Irradiation was performed using the 8 x 8 matrix and
5,120 ions and large slit openings. Fig. 4G and H show, that the distri-
bution of halo ions was not as good as for target 4, but still much better
than target 1. The mean radial distance was (31 + 31) ym with a
maximum distance of 168 um. 8%o of the ions (39 of 5,120 ions) were
located in the halo. A reduction of MRD of 88% and a reduction of halo
ions of 81% was achieved compared to the initial C>* beam.

Based on target 10, another dose estimation was performed, which is
shown in Fig. 5C. Target 10 causes a much smaller halo dose on the cell
area than target 1. The halo area of target 10 is decreased to 4000 um?,
which is about 3% of the halo area of target 1. Each halo area of target 10
deposits a mean dose of 0.57 Gy. The dose is accumulated closer to the
cells than before optimization, but the halos of the individual cells
overlap less frequently. Therefore, the dose estimation of target 10 re-
sults in a decreased mean dose and standard deviation of (1 & 1) Gy with
a maximum dose of 4.5 Gy. However, 11% of the cells were irradiated
with >3 Gy and 73% with doses between 1 Gy and 3 Gy. Therefore, the
optimization of the halo achieved in this study is still not enough to
perform a proper targeted irradiation of non-cell nuclear targets with
doses as high as 5 kGy.

To understand in detail which parameters affect the halo, a principle
study on polycarbonate is presented in the next section.

3.5. Reduction of the halo by smaller beam spot sizes

In this study, different slit settings and the correction of lens errors by
so-called supraloops were tested. For a better overview, the different slit
settings were numbered due to their opening and are listed in Table 1.

First, the influences of slit settings and energizing supraloops on the
beam spot size (BS) were investigated, as shown in Table 2. For this test,
three polycarbonates were irradiated in the beamtimes of June 2018
(Polycarbonate foils 06/18) and September 2018 (Polycarbonate foils
09/18.2 and 09/18.3), as described in Section 2.4. In general, the BSs of
September 2018 were worse than those of June 2018. In particular, the
focus in y was not optimal. This was due to disturbing vibrations from
noise in the experimental hall. Acoustic shielding was introduced to the
head of the supporting structure of the lens, as described in Section 2.2.
This allowed to reduce beam spot size again to a reasonable size, but not
as small as before. The BSs for slit setting 1 were on all three poly-
carbonates better than for slit setting 4. In beamtime 06/18, the increase
was 11% in x and 26% in y-direction. In beamtime 09/18, the increase in
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Fig. 4. Ion hits on polycarbonate and their evaluation. Target 1 was irradiated with the start settings, which were also used for the here described experiment. For
target 4, the ion sort was changed to C®" and 10,000 ions were irradiated. In target 10, the slits were adjusted to yield higher ion rates and with the help of supraloops
lens errors were corrected. In A, B, and C all hits (target hits and hits in the halo) are depicted. Scale bar: 50 um. In D, E, and F solely the targets are shown. Scale bar:
10 pm. For better visibility of the ion hits, the background of the microscopic images in A-F was reduced and the contrast was enhanced. In G, the ion distributions of
the three targets are shown in one graph for a better comparison. Whereby, the center of the target area corresponds to the origin of the graph and the ion hits were
drawn due to their respective Euclidian distances in x and y direction to the center of the target area. In the upper graph, a histogram of the hits in x direction is
shown and on the right in y direction. The bar size is 10 um, as this was chosen to be the minimum distance of halo ions due to overlaps of the etched ion hits close to
the target. In H, the radial distances of the halo ions for the three targets are shown. The radial distances correspond to the Euclidian distance of the center of the ion
hits to the center of the target area. Every rhomb depicts a halo ion. With black horizontal lines, the mean values are shown. The error bars are the standard de-

viations from the mean.

beam size was 70% in x and 13% in y-direction for polycarbonate 09/
18.2 and 09/18.3. The BS is dependent on the object size given by the
setting of the object slits and the divergence given by the settings of the
divergence slits. Therefore, an increase in the beam spot size due to an
increased opening of the object slits fits well to this dependency. For
investigating the influence of energizing the supraloops, the BSs of
September 2018 were compared, since in June 2018 a better focusing
was achieved. Here, BS 3 and BS 4 were irradiated without supraloops
and BS 5 and BS 6 with energizing supraloops. No difference within the
uncertainty range could be found here between the beam spot sizes with
and without supraloops, comparing BSs with slit setting 1 (BS 3 to BS 5)
and BSs with slit setting 4 (BS 4 to BS 6). Therefore, no significant
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differences could be found in the measured beam size, which came from
energizing the supraloops. This result was contra intuitive to what was
proposed in the design study of SNAKE [28]. The supraloops were
installed to correct lens errors. Therefore, especially for the more open
slit configuration 4, a difference was expected but could not be
confirmed.

It was further investigated, whether the beam spot size influences the
halo by irradiating 9 different targets (target 2-target 10) shown in
Table 3. In Fig. 6A, the FWHM (full width at half maximum) of beam
spot sizes in x and y-direction of all irradiated targets are shown. The
error bars show the variation in beam spot size (standard deviation). The
beam spot sizes marked with a star were measured with slit setting 1
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Fig. 5. Estimation of dose caused solely by the halo of targeted irradiation on
the cells. In A, a fluorescent image of the cell area is shown, where the mito-
chondria are stained. In yellow the outline of a single halo area is indicated as
induced by the target labeled with a red dot. In B and C heatmaps of the dose
distribution caused by the halos of the irradiated targets are shown before
optimization of the beam (B) and after optimization (C). In yellow the locations
of the cells are indicated. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
The different slit settings tested in this study.

Slit setting Object slits Divergence slits

number Openinginx  Openinginy  Openinginx  Opening iny
[um] [um] [um] [pm]

1 20 10 50 100

5 20 20 100 100

3 100 50 50 100

M 100 30 200 200

instead of the slit settings 2 or 3 of the targets. In practice, it was
observed that these three settings cause no difference in the beam spot
size. Therefore, the beam spot size was only measured for setting 1. As
Fig. 6A shows, target 1 to target 7 have the same beam spot sizes in x and
y-direction. The beam spot size of target 8 is 37% larger in x and 23% in
y. For targets 9 and 10, a 43% increase in x and a 38% increase in y was
measured compared to target 1 to target 7. Overall, the targets irradiated
in beam time 03/18 and 06/18 have smaller beam spot sizes than the
targets of beam time 09/18.

Fig. 6B shows the MRDs (mean =+ standard deviation) of each target
as bars and the number of halo ions in the line plot. Target 1 and target
10 were irradiated with 5,120 ions in matrix configuration as used for
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Table 2

Beam spot sizes (BS) measured for slit setting 1 and 4 and with and without
supraloops. The polycarbonate ID indicates the month/year of beam time and
the polycarbonate foil number.

D Slit Supraloops Polycarbonate ~ Beam spot Beam spot
setting D sizein x [um] sizeiny [um]

BS 1 1 Yes 06/18.3 1.14 £ 0.06 1.36 + 0.06
BS 2 4 Yes 06/18.3 1.26 £ 0.06  1.71 £ 0.08
BS 3 1 No 09/18.2 1.15+0.09 1.84 +0.09
BS 4 4 No 09/18.2 1.99+0.14 2.08 +0.10
BS5 1 Yes 09/18.3 1.33+0.07 1.97+0.14
BS 6 4 Yes 09/18.3 2.23+£0.18 221 +£0.23

the targeted irradiation of cells. Target 2 to target 9 were irradiated with
10,000 ions in one spot for better comparability with the beam spot
sizes. Here, it can be seen, that target 2 to target 10 have significantly
smaller MRDs than target 1, resulting from the change of charge state, as
described in section 3.4. No correlation between slit setting and MRD
can be found. For example, the same MRDs are measured for target 3 and
target 4. Target 3 was irradiated with the more open slit setting 3, and
target 4 with the most closed slit setting 1. On the other hand, target 5
was irradiated with the same slit setting as target 4 and has a 36% higher
MRD. In contrast, the number of halo ions tends to anticorrelate with the
opening of the slits. Target 3, target 6, and target 7 were irradiated with
the more open slit settings 3 and 4 and have approx. 40% fewer ions in
their halo than target 2, target 4, and target 5, which were irradiated
with the more closed slit settings 1 and 2. As no significant impact of the
slit settings was observed on the halo and slit setting 4 yields the highest
ion count rate, all targets were irradiated with this slit setting in
beamtime 09/18. Now it was investigated, whether the supraloops
affect the halo. Therefore, target 8 was irradiated without supraloops
and target 9 with supraloops. The supraloops do not affect the MRD,
which was expected as there was also no effect on the beam size.
However, the fraction of halo ions could further be reduced from 6%o to
5%o.

It can be concluded that the use of C®* instead of C>*-ions reduced
the size of the halo and the number of ions in the halo. The slit opening
needed to be increased from 20 ym x 10 ym to 100 pm x 30 um for the
object slits and from 50 pm x 100 pm to 200 um x 200 um for diver-
gence slits, to preserve the count rate, due to the low yield of C®" ions
from the tandem accelerator. This can be done as the increased beam
spot size does not affect the halo of the irradiated target. Furthermore,
larger slit openings and energizing of supraloops result in a decreased
number of halo ions. Therefore, the optimized beam setting for targeted
irradiation of mitochondria, which was achievable in the SNAKE setup,
was considered to be C®* ions with energized supraloops at slit settings
of 100 pm x 30 pm, 200 um x 200 pm. The optimized irradiation was
performed in target 10, which was again an 8 x 8 matrix irradiation with
5,120 ions. A reduction of MRD of 88% and a reduction of halo ions of
81% was achieved compared to the initial C>* beam. The dose estima-
tion for this optimized target is discussed in Section 3.4.

The microscopy images of the here discussed targets can be found in
Supplementary Figs. 1-10. The repetitive pattern of dark spots on these
images occurred due to dust in the optical light path of the used mi-
croscope, but did not have any influence on the evaluation of the images,
as they could be easily distinguished from the ion hits. In Supplementary
Figs. 2-7, the target areas are broader, due to a higher beam spot size in
y-direction than in x-direction. The two dark spots in target 5 to target 7
(Supplementary Figs. 5-7) originate from the etching process and not
from an increased ion density at these spots. Solid state nuclear track
detectors like polycarbonate are very good in detecting single ions.
However, if the ion densities are too high that the etched hits are
overlapping each other and can no longer be distinguished, no conclu-
sion can be drawn about the ion densities. Here other factors, like the
level of etching, inhomogeneities in the material or the energy
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The settings, beam time, in which the targets were irradiated, the beam spot sizes and the results of halo measurements for all targets are listed here. The slit settings are
given in the following order: object slit x x object slit y, divergence slit x x divergence slit y. The beam spot size is given this way: x-direction, y-direction. Target 1 was
irradiated in beamtime 03/18, targets 2 — 7 in beamtime 06/18, and targets 9 and 10 in 09/18.

Target Number of ions Ion sort Slit setting Slit openings [um] Beam spot [um] MRD [um] Standard deviation [um] Maximum distance [pm] Number of halo ions
number
1 5,120 c5 1 20 x 10, 1.45 £ 0.06 258 96 465 218
50 x 100 1.60 £+ 0.08
2 10,000 cor 2 20 x 20, 1.14 £ 0.06 32 22 93 34
100 x 100 1.36 £+ 0.06
3 10,000 cot 3 100 x 50, 1.14 £ 0.06 15 7 33 12
50 x 100 1.36 £ 0.06
4 10,000 cot 1 20 x 10, 1.14 £ 0.06 16 10 63 31
50 x 100 1.36 £ 0.06
5 10,000 cor 1 20 x 10, 1.14 £ 0.06 25 19 83 37
50 x 100 1.36 £+ 0.06
6 10,000 cot 3 100 x 50, 1.14 £ 0.06 19 8 39 23
50 x 100 1.36 £ 0.06
7 10,000 cor 4 100 x 30, 1.26 + 0.06 20 12 46 26
200 x 200 1.71 £ 0.08
8 10,000 cot 4 100 x 30, 1.99 £0.14 33 37 202 60
200 x 200 2.08 +£0.10
9 10,000 cot 4 100 x 30, 2.23+0.18 32 47 232 49
200 x 200 2.21 £0.23
10 5,120 (ods 4 100 x 30, 2.23+0.18 31 31 168 39
200 x 200 2.21 £0.23
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Fig. 6. Evaluation of the halo of targets irradiated with different settings and their corresponding beam spot sizes. In A, the beam spot sizes for every target in x and
y-direction are depicted by dots connected with lines. The beam spot sizes were derived from the FWHMs of Gaussian fits, as more detailed explained in Section 2.4.
The error bars show an uncertainty of 0.9 um. This uncertainty originates from the measuring method. Beam spot sizes marked by a star were measured with the slit
setting 1 instead of the actual slit settings of the targets. In B, the bars show the MRDs (mean radial distances of the halo ions), which were further away from the
target than 10 um. The errors denote the standard deviations. The number of halo ions is shown by black dots connected with lines and has its own y-axis on the right.
The line, which connects the dots is included to increase the visibility of the number of ions in contrast to the MRDs shown by bars and has no further scientific

meaning. Below the graph, a table of the different settings is shown.

deposition are more relevant. Comparing target 2-4 with targets 5-7
makes clear, that these dark spots originate from a higher etching level.

The here presented results show, that the change of ion type led to a
significant reduction of the halo. The slit settings and supraloops had
minor effects on the number of halo ions. Furthermore, we observed that
outer influences like acoustic noise or vibrations play an important role.
For example, it could be seen that target 2 to target 7 had all smaller
MRDs, smaller numbers of halo ions, and smaller beam spot sizes than
target 9 to target 10, which were irradiated in the following beam time.
Microbeams such as SNAKE are very sensitive to outer influences. The
ion beam is focused on a distance of 30 m. So, small acoustic and me-
chanical noises, for example of vacuum pumps, can lead to a spread of
the ion beam. As SNAKE consists of a three-meter high cryotank hosting
the superconducting lenses, the setup is prone to uptake vibrations from
the surrounding. Turning off all devices which cause these vibrations
and noises is only possible to a limited extent. Most of these devices are
indispensable in the working environment of an accelerator like vacuum

pumps and cooling systems. Therefore, this has to be kept in mind for a
new design of a microbeam. To understand how the halo emerges, a
closer look on the beamline is necessary. Here, different interactions are
possible. The ions can scatter, capture an electron, or lose one. These
interactions can happen at residual vacuum molecules, in the trans-
parency zone of the slits, or in the walls of the beam line. As discussed in
Section 3.4, the probability of a charge exchange could be widely
reduced by choosing C®*-ions. However, this reduction cannot be
explained by the residual vacuum of the beamline alone. The vacuum in
the beamline has a pressure of 10”7 mbar, consisting mainly of light ions
like Hp and maybe N molecules. The cross section for an electron loss of
a 31.8 MeV C°* ion is 056 = 0.66 cmz/pg [44]. It can be estimated, that
the 30 m SNAKE beamline contains 7.5 1071° g/cm?, assuming only
residual nitrogen molecules in the vacuum. Therefore, a probability of
such a charge changing event can be calculated by multiplying these two
values and leads to a probability of 0.04%. This is only a rough esti-
mation of the probability, but it shows that by the vacuum alone a halo
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consisting of 4% of halo ions cannot be explained. Hence, charge
changes must also happen in the transparency zone of the slits or in the
walls of the beam line. Since both, the walls and the slits, are made of
heavier atoms, high-angle scattering can also be caused. This effect
cannot be reduced by changing the ion charge state. This is the reason,
why also the optimized targets have a halo.

4. Conclusion

In this study, an experimental set-up for targeted irradiation of
mitochondria in human cells followed by long-term live-cell imaging is
presented and a first successful experiment was conducted. The per-
formed experiment shows, that already low numbers of ions, hitting
targets outside of the focus of an ion microbeam can have a significant
impact on experimental outcomes in biological experiments. The results
of this experiment showed the importance of a proper beam spot anal-
ysis, as the irradiated ions hit not only in the target but also up to 500 um
outside and formed a halo. Especially, high-LET ions, which deposit a
large amount of dose in one ion traversal can increase the unwanted
effect caused by an ion halo.

Methods for measuring the halo and the beam spot size were pre-
sented here. With these methods, the effects of different settings (charge
state, slit opening, and lens error correction) of the microbeam and the
role of the beam spot size on the halo were tested. A significant reduc-
tion of 97% of the halo area could be achieved by changing the ions’
charge state to C®*. Whereas, the slit opening, the lens error correction
with supraloops, and the beam spot size did not influence the mean
radial distances of halo ions, but had minor influences on the number of
halo ions. Therefore, it was chosen to use C®" ions, the most open slit
setting 4, and to energize the supraloops as an optimized configuration.
However, the optimized beam still formed a halo around the target.
Although the optimized halo is smaller than the initial one. It still in-
duces a mean parasitic dose of (1 + 1) Gy over the whole cell area. This
dose is still too high if it interacts with cell nuclei. Therefore, further
investigations on the formation of the halo and subsequent improve-
ments are necessary to investigate the effects of depolarizing mito-
chondria on overall cell survival.
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