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Abstract
Objective.Carbon is an ion species of significant radiobiological interest, particularly in view of its use
in cancer radiotherapy, where its large Relative Biological Efficiency is often exploited to overcome
radio resistance. A growing interest in highly pulsed carbon delivery has arisen in the context of the
development of the FLASH radiotherapy approach, with recent studies carried out at dose rates of
40 Gy s−1. Laser accelerationmethods, producing ultrashort ion bursts, can now enable the delivery of
Gy-level doses of carbon ions at ultra-high dose rates (UHDRs), exceeding 109Gy s−1.While studies at
such extreme dose rate have been carried out so far using low LETparticles such as electrons and
protons, the radiobiology of high-LET,UHDR ions has not yet been explored.Here, we report the first
application of laser-accelerated carbon ions generated by focussing 1020W cm−2 intense lasers on
10–25 nm carbon targets, to irradiate radioresistant patient-derivedGlioblastoma stem like cells
(GSCs).Approach.WeexposedGSCs to 1 Gy of 9.5± 0.5MeV/n carbon ions delivered in a single
ultra-short (∼400-picosecond) pulse, at a dose rate of 2× 109 Gy s−1, generated using the ASTRA
GEMINI laser of theCentral Laser Facility at the RutherfordAppleton Laboratory, Didcot,
Oxfordshire, UK.We quantified carbon ion-inducedDNAdouble strand break (DSB) damage using
the 53BP1 foci formation assay and used 225 kVp x-rays as a reference radiation.MainResults. Laser-
accelerated carbon ions induced complexDNADSBdamage, as seen through persistent 53BP1 foci
(11.5± 0.4 foci/cell/Gy) at 24 h and significantly larger foci (1.69± 0.07μm2) than x-rays induced
ones (0.63± 0.02μm2). The relative foci induction value for laser-driven carbon ions relative to
conventional x-rays was 3.2± 0.3 at 24 h post-irradiation also confirming the complex nature of the
induced damage. Significance.Our study demonstrates the feasibility of radiobiology investigations at
unprecedented dose rates using laser-accelerated high-LET carbon ions in clinically relevantmodels.
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1. Introduction

The radiobiology of ion beams has been the subject of intense investigation in view of its relevance to advanced
forms of cancer therapy, where ion beams allow precise dose depositionwithin the tumour volume by exploiting
the Bragg peak profile (DeLaney 2018, Durante and Flanz 2019, Kim andWu2021). This precise dose delivery
offers significant normal tissue sparing thus widening the therapeutic window, and resulting in effective
treatment of tumours in the close vicinity of critical organs (Kim andWu2021, Park et al 2021).While the
majority of the ion treatment centres currently in operation employ protons, there is significant interest in the
use of higher-Z species. For example, the high LET of carbon ions leads tomore complex cellularDNAdamage
resulting in higher relative biological effectiveness (RBE) than protons and other lowLET radiation. This is
exploited for the treatment of radioresistant (Arians et al 2019, Chiblak et al 2019) and hypoxic tumours (Klein
et al 2017) by employing carbon ions froma synchrotron, which are typically delivered at a dose-rate of a few
Gy/min.

There is currently an increasing interest in new radiotherapy approaches employing significantly higher dose
rates. This is due to the recent demonstration of the normal tissue sparing effects of radiation delivered at high-
dose rate, which have highlighted the so-called FLASH approach as the next step towards an advanced andmore
effective formof cancer radiotherapy (Bourhis et al 2019,Montay-Gruel et al 2019, Vozenin et al 2019).Most of
these studies have been carried out with low LET radiation (primarily electrons) and dose rates ranging from
40 Gy s−1 to 1000 Gy s−1. Recently thefirst Carbon FLASH in-vitro irradiation set up has been demonstrated,
operating at 40 Gy s−1 dose rates (Tinganelli et al 2022).

Laser-driven ion acceleration techniques provide bursts of radiationwhich are intrinsically ultrashort
(Fuchs et al 2006,Dromey et al 2016) at the source (with duration of order picosecond and below), and offer the
opportunity to extend these investigations tomuch-higher, largely unexplored dose rate ranges. Several
experiments have reported the delivery ofGy-level proton doses in single pulses of nanosecond duration,
reaching dose rates in the order of 109Gy s−1 (Bin et al 2012,Doria et al 2012,Hanton et al 2019, Brack et al 2020,
Chaudhary et al 2021, Yang et al 2021). Themain aimof these activities is to explore how the ultra-short delivery
time scales impacts the radiobiological outcome, which is essentially unknownunder such extreme conditions.
Extending studies to these extreme regimes has the potential to provide important novel information on the
fundamentals of radiation-cell interactions.

So far, laser-driven radiobiology experiments have employed protons accelerated through the Target
Normal Sheath Accelerationmechanism (Snavely et al 2000). This is themost established laser-based approach
to proton acceleration, which acts on surface ion layers, typically hydrogen-rich contaminants. Emerging
accelerationmechanismswhich are effective on the bulk of the target offer the opportunity for efficient
acceleration of higher-Z ions, including carbon (Henig et al 2009, Bin et al 2015, Scullion et al 2017). Of
particular interest is, in this context, the use of ultrathin foils, with a thickness in the order of 10 nm. Recent
experiments have shown that, under appropriate conditions, it is possible to accelerate, from such foils, carbon
ions to energies of several tens ofMeVper nucleon (Scullion et al 2017), as well as producing proton-free, large
flux carbon beams (McIlvenny et al 2021). Laser-driven carbon beams also share the short duration properties
discussed above, and provide unique opportunities for radiobiological investigations at high LET and ultra-high
dose rate (UHDR). Here, we report on the outcome of the first proof-of-principle experiment aimed at cellular
irradiations employing laser-driven carbon ions at anUHDRof 2.5× 109Gy s−1. The carbon ionswere
accelerated froman ultrathin carbon foil andwere delivered to the cells by employing a simple transport system
based on a strong (∼1 T)magnetic dipole. The cells irradiatedwere patient-derived radioresistant Glioblastoma
stem cells (GSCs). Our results confirm the expected enhanced effectiveness of laser-driven carbon ions relative
to 225 kVp x-rays for the induction ofDNADSBdamage in radioresistant cancer stem cells, and demonstrate
the feasibility of performing radiobiology experiments with laser-driven carbon ions at extreme dose rates.

2.Materials andmethods

2.1. Ion acceleration and transport
Carbon ionswere accelerated using the AstraGEMINI laser systemof theCentral Laser Facility at the
RutherfordAppleton Laboratory, UK, that delivered∼12 J, 40 fs single pulses onto ultrathin carbon foil targets,
at intensities∼6× 1020 W cm−2, by an f/2 parabola.We used a double plasmamirror system for pulse contrast
enhancement. To generate the carbon ion beam,we used 15 nm thick targets, whichwere irradiated by linearly
polarized pulses at normal incidence. Under these conditions, the acceleration of ions from the target bulk takes
place under the influence ofmultiple accelerationmechanisms. The carbon ions initially undergo radiation
pressure acceleration in the Light Sailmode (Henig et al 2009,Macchi 2010) until the target becomes transparent
to the relativistically intense laser pulse - during this second phase, efficient coupling of the laser pulse into
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electrons, as it propagates through the dense target plasma, leads to an enhancement of the accelerating fields
which boosts the ion energy(Henig et al 2009,Higginson et al 2018)Wenote that the highest carbon energies can
generally be obtained by using circularly polarized laser pulses, which reduce target heating and delay the onset
of transparency(Scullion et al 2017,McIlvenny et al 2021)However, linear polarizationwas chosen in our
experiment as it allowed the production of amore stable and uniformbeam at the chosen ion energies of
10MeV n−1.

The proton and carbon-ion energy spectra weremeasured by using a Thomson Parabola Spectrometer
(TPS) placed along the target-normal direction, coupled with BAS-TR Image Plates (IP). Figure 1(A)
shows the energy spectrameasured in a single shot for protons and carbon ions (C6+). Under the
conditions of the experiment, we typically obtain comparable cutoff energies/nucleon for carbon ions and
protons (Scullion et al 2017) (with carbon ions slightlymore energetic than protons in the data shown in
figure 1(A)).

Given themulti-species nature of the beam, and the comparable energies/nucleon of the twomain species, a
challenge of the experiment was designing and implementing an experimental setup that allows irradiating a cell
samplewith a pure carbon beam,minimizing the proton contribution to the final delivered dose at the cell plane.
This was achieved by placing a 0.9 T dipolemagnet at about 50 mm from the target to select in energy and
spatially disperse the ion beamaccelerated along the target normal direction (figure 2 part (C)) (see also
(Milluzzo et al 2020)). A 500-μmwidth slit was used to reduce the particle divergence captured by themagnet as
well as the energy spread at the cell position. The cell holder was then placed in air at about 1 cm froma 50μm
Kapton beam exit window and at total distance of about 300 mm from the target. Such distance was chosen to
ensure a sufficient spatial dispersion of protons and carbon ions at the cell position as well as to spatially separate
the proton and carbon beams, while ensuring a sufficient ion flux reached the cells. AGeant4- simulation
reproducing the experimental setup and the conditionwas performed to predict the energy-spatial dispersion of
protons and carbon ions. Figure 1(B) shows the spatial distribution of protons and carbon ions after the
magnetic dispersion at the cell position as calculated from theGeant4 simulations. The particle energy per
nucleon is also shown in the color scale bar togetherwith the particle fluence distribution (protons and carbon
ions in red and black respectively) in the vertical direction. As seen in the figure, protons and carbon ions are
spatially separated at the cell location and carbon ionswith an energy per nucleon on the cells around 10MeV
u−1 can be selected for the irradiation of cells without any contribution fromprotons. The short drift distance
after themagnet also allowsmaintaining a sufficient high particle flux to reachGy-level doses at the cell plane.
TheGeant4model output of the experimental setupwas validated by comparing the experimental spatial-
energy distribution of carbon ions at the cell planewith the simulation predictions as shown infigure 1(C). The
measurement has been performed by using RCF covered by different thicknesses of aluminumabsorbers able to
stop different carbon ion energies. By recording the signal cut-off on theRCF corresponding to the energy cut off
caused by the different aluminumabsorbers, it was possible to establish a correlation between the carbon ion
energies and their position on the RCF. Figure 1(C). shows the comparison between the simulated energy
dispersion (black point) and 3 experimental points obtained using 117, 177 and 229 um thick aluminum
absorbers corresponding to an energy cut-off of 6.6, 8.6 and 10MeV u−1 respectively.

Figure 1. (A)Proton and carbon (C6+) energy distributionsmeasuredwith the ThomsonParabola coupledwith an Image Plate along
the target-normal direction employing a 15 nm carbon target in linear polarization. (B)Geant4 simulation of the spatial particle
distribution at the cell plane for both protons and carbon ions deflected by themagnetic dipole. The color scale shows the energy per
nucleon (MeVu−1)while the left vertical axis shows thefluence distribution of protons (red line) and carbon ions (black line)
calculatedwith the simulation. (C)Comparison between the simulated spatial energy dispersion (black points) at the cell plane and
those obtained experimentally (red points) by using radiochromic films (RCF) covered by 3 different aluminium absorbers.

3

Phys.Med. Biol. 68 (2023) 025015 PChaudhary et al



2.2. Cell culture and irradiation
In this study, we used patient-derived radioresistant glioblastoma stem like cells (E2 cells) that expressed the
most common stem cells biomarkers such asNestin and Sox-2 (Gomez-Roman et al 2020). The cells were
cultured inAdvancedDMEM-F12medium supplementedwith B27,N2, L-Glutamine, heparin, epidermal
growth factor and basalfibroblast growth factor (ThermoFischer Scientific, Loughborough, UK). Cells were
grown asmonolayers on top of 3μmthickMylar filmmounted in the custom-made stainless-steel dishes
(figure 2(A)). Before seeding cells, the disheswere thoroughly sterilized using 70% ethanol, rinsed in PBS, dried
and then coatedwith 2.5%Matrigel dissolved in cell culturemedium. The cells were seeded 24 h before
irradiation andmaintained in 5%CO2 at 37°C inside cell culture incubators until irradiated. Before irradiation,
the top part of the cell culture dishwas sealedwith a piece ofMylar andmountedwith another ring plate to hold
theMylar in place. Later this top piece ofMylarwas cut as semi-circle to prevent any spillage ofmediumduring
irradiationwhen the dish is held vertical. At this stage, for each sample an individual RCFholder (figure 2(B))
wasfittedfirmly under the dish to account for the shot-to-shot dose variation.

This whole cell dish andRCFholder assemblywas then placed inside the sample irradiation chamber
(figure 2(D))which provided a closed system acting as a barrier between the cellmedium inside the dishes and
the outside air to prevent any bacterial contamination. This sample irradiation chamber was then transported to
the Target Area andmounted next to theKaptonwindow for irradiationwith laser-driven carbon ions.

After irradiation the cell irradiation system assemblywas transported back to the biolab, RCFswere removed
and the bottomof themylar wasmarkedwith a permanentmarker to highlight the corresponding irradiation
field alongwith the direction of the energy gradient. Thesemarkings together with the RCF scans profile were
later used to precisely score the cells for foci in uniformdose fields. Comparative low LET irradiationswere
performedwith 225 kVp x-rays using anX-Rad 225 (Precision x-ray, Connecticut, USA), x-ray generator with a
dose rate of 0.59 Gy min−1.

2.3. Carbon ion dosimetry
The dosimetry procedure employed in the experiment has been reported in (Milluzzo et al 2020).We summarize
here itsmain features. Asmentioned earlier, the cellmonolayer was grownwithin a stainless-steel assembled
dish, whichwas specifically designed to reduce thematerial thickness crossed by carbon ions before reaching the
cells. The dose delivered to the cells wasmeasured for each shot using unlaminated EBT3RCFplaced just behind

Figure 2. Scheme for cellular irradiations. (A) Stainless steel culture dishmountedwith 3μmthinMylar onwhich the E2 cells were
grown. An additionalMylar windowmounted on top of the dish preventedmedium spillage during irradiation. (B)ARCFmask or
holder was placed under theMylar onwhich cells were grown. (C)Carbon ionswere accelerated by focussing the high intensity laser
on 15 nmcarbon targets, and then selected spatially and in energy using respectively a pinhole aperture and a 1 Tdipolemagnet (D)
Cell irradiation chamber assemblywith the cell-dishmounted inside alongwith the RCFmaskmounted under theMylar onwhich
cells were attached.
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the cellmonolayer using a suitable holder as shown in (figure 2(B)). The unlaminated EBT3RCF is a customized
design, which consists of an active layer overlaid on a single 125μmmatte polyester layer (in the standard EBT3
design, the active layer is sandwiched between twomatte polyester layers). The use of unlaminated EBT3 enabled
the detection of the dose deposited by low energy carbon ionswith a higher accuracy, whichwould otherwise be
stopped before reaching the active layer of standard EBT3.Moreover, the absence of one of the two substrate
layers allows a close contact between the RCF active layer and cells to enablemore reliable dosemeasurements
with amaximumdifference of∼2%between the dose released to the cells and the one delivered to the EBT3
active layer. These unlaminated EBT3RCFswere previously calibrated for dose responsewith conventionally
accelerated 6MeV n−1 carbon ions at the LNS of the Institute ofNuclear Physics, Catania, Italy. The calibration
was then used to convert the rawRCF images acquired to dose delivered inwater for each shot.

2.4.DNADSBdamage foci scoring
P53 binding protein−1 (53BP1) is a widely used surrogatemarker ofDNAdouble strand break (DSB) damage,
whichmigrates to sites of aDNADSBwithin the cellular nucleus (Schultz et al 2000) andmediates further cell
signalling to activate DNA repair pathways. This localisation can be readily detected through
immunofluorescencemicroscopy in the formof bright foci. The number of foci correlates to the amount of
DNADSBdamage and has been extensively used to study radiation inducedDNAdamage and repair (Marková
et al 2007, Groesser et al 2011). This technique has also been used successfully to quantify DNADSBdamage and
repair in laser-driven experiments (Raschke et al 2016,Hanton et al 2019). After irradiation, as described in
section 2.2, the cells were fixed in 4%paraformaldehyde at various time points ranging from0.5, 1, 6 and 24 h
and stored until further processing. Later the cells were rinsed in room temperature phosphate buffered saline
(PBS), blocked in 10%Goat serum in PBS for one hour at 37 °C and stained for 53BP1 immunofluorescence
assay.

The areawithin the dish over which the cells were scoredwas selected on the basis of the information
provided by theRCF, bymeans of a PMMAwindowwith a small rectangular cutwhichwas overlayedwith a
RCF regionwhere the dose delivered by the∼10MeV n−1 carbonwas sufficiently uniform. This defined the
chosen irradiation field, whichwas thenmarked on the rear of the cell’sMylar substrate using the same PMMA
mask. This procedure was repeated for each irradiated cell dish. In thisfield, at least 150–200 cells were scored
for each datapoint in duplicate providing a reasonable sample size using aCarl Zeiss Axiovert 200M
Fluorescencemicroscope equippedwith excitation and emission filters suitable to image the nuclear foci stained
withAlexafluor 488 and counter stain nuclei stainedwithDAPI. Foci were countedmanually using a 40X
magnification PlanApochromat objectivewith a numerical aperture of 0.95 and a free working distance of
0.25 mm,without any immersionmedium. As the cellular nucleus thickness was comparable to the objective
depth of focus, no Z stack analysis was required.However, to ensure all foci were counted in any of the Z plane of
the cells, foci counting was done by varying the focal planemanually and the imageswere stored a.s. ZVI images
for further analysis including foci sizemeasurements.

2.5. 53BP1 foci size comparison
Foci areameasurement offers an insight into the extent of the damage, has been previously used to study the
impact of radiation quality ofDNADSB damage (Ward et al 2003,Marková et al 2007), and has been shown to
reasonably correlate to the LET of the ions (Costes et al 2006). 53BP1 foci areameasurements were done using
the particle counter function of the Image J image Analysis program (Schindelin et al 2012, Rueden et al 2017).
Briefly, the length in pixels on an imagewas calibrated inmicrometres by using the scale function in Image J and
option ‘global’was checked so that same setting could be applied to all images. Images with 53BP1 foci (FITC
channel only)were threshold-adjusted so that only the foci were visible in the image. After adjusting the
threshold, the ‘Analyze particles’ optionswas used to check each focus. The total number of foci analysedwas at
least 100 for each dataset.We then compared the 53BP1 foci areameasurements in the cells exposed to laser-
driven carbon ions and 225 kVp x-rays.

2.6. Relative foci induction
RBE,which is defined as the biological effectiveness of any particular type of radiation relative to reference
radiation such as gammaor x-rays, has been shown to be a very useful parameter for optimizing ion beam
radiotherapy (Carabe et al 2013, Jones et al 2018).While the cell-killing RBE ismainly utilized in such studies,
here, we have used an alternative quantity named relative foci induction (RFI), which is simply the ratio of the
values of carbon ions- induced 53BP1 foci to the x-rays induced foci at any given time after irradiation. This
provides a comparative overview of the repair ofDSB damage induced by x-rays and carbon ions.
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3. Results

3.1. Carbon ion dosimetry
Monitoring the dose in each shot was essential in our set-up, due to shot-to-shot variations of the dose delivered
to the sample. This arises fromvariations of the ion beamparameter associated to small changes in the
interaction conditions (e.g. laser energy, intensity, contrast, target homogeneity) currently outside our control
given the complexity of the set-up. Across the experiment (about 90 shots for whichwe carried out dosimetric
characterization), the average dose on the cells was 1 Gywith a standard deviation of 0.6 Gy. By down-selecting
the irradiations (and using about half of the shots), the standard deviationwas reduced to 0.2 Gy for the
irradiationswhere the cells were processed.

The experimental setupwas simulated using the Geant4Monte Carlo code version10.05 as previously in
(Milluzzo et al 2020). The experimental carbon energy spectrum shown in figure 1(A)was used as input of the
simulation, in order to predict the energy dispersion at the cell position. This calculation enabled tofix the
vertical position of the cells corresponding to about 10 MeV u−1 carbon ions (see figure 3(A)) at about 50 mm
from the 0 axis. Considering this, as shown in figure 3(A), a region of interest (ROI)with an area of 4× 4 mm
(light blue square)was selected on the RCF placed behind the cells corresponding to the carbon ion energy of
interest. In the shot shown in (figure 3(A)), the cells were at the center on the RCF holder (as shown in
figure 2(B), the RCFwas placed under the cellmonolayer which was adherent on 3μmMylar), while the beam
was slightly off center. The shift was considered to correctly quantify the dose delivered at the position of the
cells. Figure 3(B) shows the transverse dose profile obtained along the white line shown in figure 3(A) and
averaged over 4 mm in the vertical direction. An average dose of 1± 0.1 Gy (10% variation) is estimated
considering the total transverse profile (black line in figure 3(B)). In contrast, if we restrict the evaluation to the
regionwhere the cell were located (light blue square shown in figure 3(A)), an average dose of 1± 0.02 Gy (2%
of dose variation) is evaluated for this shot. This analysis was performed for each shot. TheMonte Carlo
simulations were also used to accurately evaluate the final energy distribution of carbon ions reaching the cells
within the 4× 4mm2ROI shown in figure 3(A). As discussed in (Milluzzo et al 2020), a final Gaussian energy
distribution is obtained within the ROI, centered at 9.5± 0.8 MeVwith a total FWHMof 1.6 MeV and an
energy spreadΔE/E~15%. The estimation of the final energy spread at the position of the cells, considering
also the transverse dimension of the sample, together with the shot-to-shotmeasurement of the dose delivered
at the cells, enabled us to evaluate an important parameter, i.e. the average dose-rate employed for the cell
irradiation.

Knowing the energy spread at the cell position and the target-cell distance (300 mm) it is possible to
retrieve the temporal duration of the carbon bunch reaching the cells within the ROI in figure 3(A) as shown in
table 1.

Considering an average dose delivered of 1.0± 0.02 Gy and the pulse durationΔt of about 500 ps obtained
from the difference on the arrival times shown in table 1, a dose-rate of 2± 0.02× 109 Gy s−1 can be estimated.

Figure 3. (A)Representative image of a RCF used during cellular irradiation scannedwith the 12000XLEpson scanner and readwith
the Image J software. The position of the cells is highlighted by the light blue rectangle while thewhite horizontal line indicates the
10 MeVu−1 carbon ion position (the carbon energies dispersed vertically, with lower energies at the top of the image). (B)Transverse
dose profile retrieved along thewhite line shown infigure 3(A) and averaged over 4 mm in the vertical direction (black line). Thefigure
also shows the profile obtained in the 4× 4mm2 selected region corresponding to the cells position (light blue line). The zero of theX-
axis corresponds to the center of the beamas indicated in figure 3(A).
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3.2.DNADSBdamage and repair kinetics
The 53BP1 foci formation assay offers a simplemethod to studyDNADSB yields in individual cells at doses of
order 1–2 Gy. As shown infigure 4(A), themean number of 53BP1 foci per cell perGy induced by x-rays at 0.5 h
was 25± 1while the value of carbon ions induced 53BP1 foci at this time point was 17± 1. At 24 h post-
irradiation, significant amounts of x-ray inducedDNADSB damagewas repaired as seen through reduction in
the 53BP1 foci yield to 3.6± 0.4.However, the carbon-ion inducedDNADSB damageswere repaired at a slower
ratewith a value of 11.5± 0.4 53BP1 foci per cell perGy persisting at 24 h post-irradiation.

To obtain a better insight of theDNADSBdamage and repair process, we expressed the 53BP1 foci kinetics
as percentage repair over the period of 24 h as shown infigure 4(B). Herewe normalized the background-
subtracted values ofmean 53BP1 foci per cell perGy at various time points to those induced at 30 min for both
225 kVp x-rays or laser-driven carbon ions. Considering the amount of induced damage at 30 min post-
irradiation as 100%, the subsequent time points such as 1, 6 and 24 h show the progress of the repair process as
seen through reduction in the percentage of unrepairedDNADSB. E2 cells, due to their radioresistant nature,
successfully repaired the low LET x-ray inducedDNADSB damage and at 24 h only about 6%unrepairedDNA
DSBdamages were observed. The carbon ion -induced complex damage persisted and at 24 h, at least 60%of the
unrepairedDNADSBdamages were seen. The repair kinetics of theDNADSBdamagewas fitted for both curves
with an exponential two-phase decay equation (Groesser et al 2011, Plante et al 2019) using the expression

* * * *= + - + -( ) ( )Y Plateau SpanFast KFast X SpanSlow KSlow Xexp exp ,

whereY is the number of foci, Plateau is the number of foci at infinite time
SpanSlow= (Y0-Plateau)*(100-Percent Fast)*.01
SpanFast= (Y0-Plateau)*Percent Fast*.01
Y0 is the foci number at time zero andX is time in hours
KFast andKSlow are constants accounting for the fast and slow rate of repair, respectively.

Figure 4. (A). DNADSBdamage induced by 1 Gy of 225 kVpX-rays or 10 MeVn−1 laser-driven carbon ions and repair kinetics
studied through 53BP1 foci formation assay. 53BP1 foci are expressed asmean no. of foci per cell perGy. (B)DNADSB repair
expressed as percentage of unrepairedDNADSB obtained by normalizing the amount of unrepairedDNADSB at different time
points, to the amount of unrepairedDNADSBobserved at 30 min Error bars represent Standard deviation. The percentage repair
kinetics over time isfittedwith a two-phase decay analysis function (orange line- carbon ions and green line x-rays) available in
Graph pad Prizm software version 9.

Table 1.Minimumandmaximumcarbon
energywithin the ROI (9.5± 0.8 MeV) and
the corresponding velocity and arrival time as
calculated using the LISE++ code (Kuchera
et al 2015).

Min Max

Energy/nucleon [MeV] 8.7 10.3

Velocity [cmns−1] 4.06 4.35

Arrival time [ns] 7.39 6.88
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Based on the two- phase decay fitting shown infigure 4(B), the value of the x-ray induced 53BP1 foci plateau
was negligible compared to the 61%value observed for the laser-driven carbon ions. The percent fast repair for
x-rays induced foci was 69%while for the carbon ions this valuewas 52%. The complexity of theDNA lesions
induced by laser driven carbon ions affected theDNADSB repair kinetics fitting equation parameters and the
variation is clearly seen in rate constant ratio aswell as in other parameters, as shown in supplementary table 1.

3.3. 53BP1 foci size comparison
In order to obtain an insight into the spatial features of theDNADSB damage, wemeasured the area of both the
x-ray and carbon ion induced 53BP1 foci at 24 h post- irradiation.We compared at least 100 53BP1 foci induced
in the irradiated cells and clearly observed the impact of LET on the area of the 53BP1 foci. At 24 h post
irradiation, the area of carbon-induced foci was 1.60± 0.07μm2while x-ray induced foci were smaller with an
area of 0.63± 0.02μm2. The difference between the area among the low LETx-rays and the high LET carbon
ionswas statistically significant with a p< 0.0001. Similar observations in the size variation of x-ray and carbon
ions induced foci have been reported by other investigators (Oike et al 2016).

3.4. Relative foci induction
We further compared the effectiveness of laser-accelerated-carbon ions for foci induction relative to x-rays in
terms of relative foci induction (RFI) as shown infigure 6.We observed anRFI value of 3.2± 0.2, which is similar
to reported cell killing RBE of high LET carbon ions.

4.Discussion

Wehave presented here a pilot study demonstrating the feasibility of radiobiological investigations employing
carbon ions delivered at dose rates of order 109Gy s−1. Such dose rates have been demonstratedwith protons
(mostly using laser-drivenmethods), but never reached beforewith high LETheavier ions. This was obtained
through the delivery ofGy-level carbon bursts of 400 ps duration at the location of the cell sample. The
radiobiology of carbon at these extreme regimes is totally unexplored, and the effects of such ultrahigh dose rates
onbiological effectiveness are effectively unknown.

Based on the parameters achievable for the laser-driven carbon ions such as energy, dose and beam spot size
(as shown in figures 1(A) and (B)), we chose a suitable radiobiological assay tomeasureDNADSB damage using
53BP1 foci formation assay on a cell-by-cell basis using the irradiation scheme shown infigures 2(A)–(D). As
some shot-to-shot variation of the dose parameters was inevitable due to the complexity involved in the
generation of the laser-driven carbon ions, we used EBT3film based dosimetry for every shot and defined the
area for scoring the 53BP1 foci on individual slides to account for such dose variations as shown infigures 3(A)
and (B). The dose rate independence and the possibility of localising the RCFfilm under the cellsmonolayers
makes EBT3Radiochromic film a very suitable dosimeter in the context of the present study.

As shown infigure 4(A) the carbon ions initially induced a smaller number of 53BP1 foci (17± 1) compared
to the 25± 1 induced by the 225 kVp x-rays. The lower number of foci induced by laser-driven carbonmay
result from the fusion of several smaller, clustered foci to appear as a single large focus formed by the high LET
carbon ions in contrast to the discrete foci formed by low LETx-rays. Due to the dense ionizing tracks and a
wider penumbra due to secondary delta electrons surrounding the primary carbon ion track as described in
(Ballarini et al 2008), the extent ofDNADSBdamage ismuchwider for carbon than for the x-rays. The
complexity of track structure also influenced thefidelity ofDNADSB repair as quantified through the
unrepairedDSBdamages. Over 24 h, while x-ray-induced 53BP1 foci reduced to background levels, the laser-
driven carbon ions persisted and only about 40%of the damageswere repaired by 24 h. TheDNADSB repair
kinetics were adequately fitted by two-phase exponential decay kinetics and clearly indicated the variation in the
repair parameters as shown infigure 4(B). Similar observations were also reportedwith other high LET ions
where radiation quality affected both the spatial characteristics as well as the temporal features of theDNADSB
damage foci (Pastwa et al 2003, Antonelli et al 2015).

The larger 53BP1 foci area reveals the complexity of theDNA lesions induced by the high LET carbon ions
(∼163KeV μm−1 at the 9.5 MeV energy employed) since 53BP1 protein remains localised for a longer duration
due to the unrepairedDNADSBdamages. Asmentioned above, at such a high LET, secondary delta electrons
are abundant in a track resulting in the formation of wider tracks and clusteredDNAdamages in contrast to the
simpler damage induced by x-rays, as reported by several investigators (Desai et al 2005,Nakajima et al 2013).
We also observed such variations in 53BP1 foci size in terms of area as shown infigures 5(A) and (B) at 24 h post-
irradiation. Laser-drivenCarbon ions induced foci had a significantly (p< 0.0001) larger area than x-rays
induced foci, as shown infigure 5(B). For a proper radiobiological assessment of various radiation qualities, RBE
is frequently used to describe the ratio of cell killing ability of a particular radiation type relative to conventional
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radiation such as gammaor x-rays. Althoughwe did not perform any cell survival experiments, we have shown
infigure 6 that relative foci induction (RFI) for laser-driven carbon ionswas 3.2, which falls within the expected
RBE range (1.2–3.5) of therapeutic carbon ions beams in glioblastoma cell lines (Tsuboi et al 2007). Although
our results clearly show the expected effectiveness of carbon ions onDNADSB damage and repair, based on the
data presented in thismanuscript it is difficult to unravel any potential dose rate effects from the expected
damage complexity associated to the high LETof the carbon ions. Such an assessment would necessarily require
comparative studies using conventional dose-rate carbon ions at similar energies, and this is certainly an
objective for futurework at a conventional accelerator facility.

The scope of this studywas limited by themoderate carbon ion energies that could be reached reliably with
our arrangement, as well as by the requirement to employ a relatively simple irradiation set-upwhich restricted
the dose deliverable to the sample. Employing higher energy ions and doses would significantly expand the scope
of the investigations, allowing for example studies under hypoxia (Chaudhary et al 2022) (whichwere not
possible at 10 MeVn−1 as the particles were not energetic enough to penetrate a hypoxia chamber) ormulti-Gy
UHDR irradiationswhichmay be used to assess whether FLASH-like effects extend to the dose rate regimes
reachable with laser-driven particles. Higher carbon energies, up to 30MeV n−1, have been demonstrated on the
same facility (McIlvenny et al 2021) and could be already used for radiobiology experiments, provided an

Figure 5. (A). Carbon ion and x-ray induced 53BP1 foci size comparison at 24 h after irradiation. (B)Mean area of 53BP1 foci induced
by x-rays or carbon ions at 24 h expressed asμm2. For each datapoint, at least 100 foci were analysed using image J Analyze particle
function. Unpaired Student’s T test was used to calculate the statistical significance and the P values of<0.0001 is shown for each bar
between x-rays andCarbon ions.

Figure 6.Relative 53BP1 foci induction values for 10 MeVn−1 laser-driven carbon ions relative to 225 kVp x-rays. For relative foci
induction, the average values of carbon induced 53BP1 foci were normalizedwith the average value of the x-ray induced 53BP1 foci at
each time point post-irradiation.
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improved transport system is deployed, which refocuses the expanding carbon beam to deliver a sufficient dose
to the cell sample. Suitablemethodswhich have been demonstrated include systems of quadrupole (Bin et al
2012, Pommarel et al 2017) and pulsed solenoidmagnets (Brack et al 2020), which also allow controlling the size
of the irradiation field. Alternatively, compact target-based techniques, such as the helical coilmethod for beam
collimation discussed in (Kar et al 2016) can be adapted to the transport of carbon ions and potentially lead to a
significant increase in the dose deliverable. Furthermore, theoreticalmodels predict that the energies of the
carbon ionswill scale upwith the increase of the intensity and power of the laser drivers (McIlvenny et al 2020).
For example, according to simple scaling predictions, supported by Particle inCell simulations, carbon energies
of order 80 MeV n−1 would be reachable by using short pulse PW systems (versus the∼300TWavailable on
GEMINI). A stabilized RPAprocess onmulti-PW systems (such as currently being developed or commissioned
e.g. (Papadopoulos et al 2016, Radier et al 2022)) is predicted to lead to even higher energies (e.g., Qiao et al
2009). Finally, a different route for delivering high energy carbon ions at clinical energies, whilemaintaining the
ultrashort temporal profile provided by laser acceleration,may be enabled by hybrid accelerationmethods,
where the initial laser acceleration phase is followed by injection in conventional accelerator elements (Antici
et al 2011, Aymar et al 2020).

5. Conclusions

By exploiting recent progress in laser-acceleration of carbon ions and developing a compact irradiation set-up
and dosimetry procedure, we have demonstrated, in a proof-of-principle experiment, the feasibility of carrying
out investigations of the radiobiology of carbon at unprecedently high dose rates (exceeding 109 Gy s−1). In
particular, we have used theDNADSBdamage and repair as a radiobiological endpoint in humanGBMstem
cells to perform comparative irradiationswith 10MeV n−1 carbon ions and reference x-rays. The results
confirm the expected enhanced biological effectiveness of the carbon ions, associated to their significantly higher
LET (160KeV μm−1 versus 2KeV μm−1 for the x-rays). The assessment of any specific dose rate effect would
require the comparisonwith carbon ion data at the same LET and conventional dose rate, which is unfortunately
not available at present. Nevertheless, the capability of performing radiobiology experiments using high LET
radiation delivered in ultrashort bursts is currently unique to laser-driven experiments, and, with further
development of the acceleration and beamdelivery techniques,may be valuable to test novel irradiation regimes
of potential future interest for radiotherapy.
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